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INTRODUCTION 

The well-Hiown regulation of the electrolyte balance by the 

adrenal cortex has been attributed to its secretion of a 

hormone similar to, if not identical with, desoxycorticost-

erone. A ^eficiencv of adrenocortical hormone lowers both 

serum chloride ^ M qoriium, and elevates potassium. Therapy 

^ H h desoxycorticosterone rapidly restores these electrolyte 

levels to noT-mia} by markedly increasing the retention of sodium 

and chloride and reducing the renal retention of potassium. 

Therefore it seemed paradoxical to find that large doseq 0r 

^pqn^rynnrticosterone acetate (DCA) can lower the serum chloride 

of both normal n-n^ adrenal eCtomi ̂.erj animals. 

At the outset of this research, the problem was to d»ter-

mipe the mechanism by which DCA produced this hypochloremia, 

which has be^n observed by several investigators. It seemed 

probable that it ̂ as an overdosage effect related to the loss 

of potasqinm produced bv DCA, and that this steroid must in-

,̂rpAqp the urine chloride excretion, contrary to the available 

information indicating that it produceq chloride retention, 

•p-hese factors wero investigated. Balance studies OP chloride 

and potassium ion° T^ro performed to determine the relation 

between the chloride and potasqinm p-rcretions in potasqium 

deficiency. This problem of the effect of DCA and potassium 

deficiency on chloride balance forms the first p°rt of this 

thesis. 



In the balance experiments in force-fed rats, the 

motility of the gastrointestinal tract became seriously 

r«duoed and su^h a retention of intestinal contents *vd gas 

occurred that all the animals died from extreme distention. 

This was produced either by overdosage with DCA or bv a low 

potassium diet, and was Promptly relieved bv potassium admin­

istration. These changes in the absorption of food, and the 

inevitable death of the animals in le** than two weeks inter­

fered with the refinement of the balance studies. The 

electrolyte investigation was therefore discontinued after it 

was possible to draw some conclusions. The major contri­

bution of this thesis is a study of the effect of potassium 

deficient on the gastrointestinal tract bv the X-ray technioue, 

and of the relief of symptoms by potassium therapy. This 

effect of potassium deficiency has not been observed before. 



P A R T 

THE HYPOCHLOREMIA PRODUCED BT DCA AND ITS RELATION TO 

POTASSIUM DEFICIENCY 



REVIEW OF THE LITERATURE 

DCA As an Adrenal Cortical Hormone 

Desoxycorticosterone was first synthetized by 

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

jbJt^V .from the adrenal cortex in minute amounts by Reichstein 
(jlA 

1 
1 (* 

b v ĉ  ^and v o n Eu*r (2b). 
•v-

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 this work 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 

(^,5,6\7,3,9) 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 (125,19) . 
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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 Addisonfs 

disease severe circulatory congestion and several fatalities 

resulted from the sudden increase in blood volume (5,6,20, 

21), and, as has been shown since, probably also because of 

cardiac lesions produced by potassium depletion (22) . In 

contrast to this, enormous doses of adrenal extracts and 

steroids had no deleterious effects (17a). In intact animals 

treated with DCA, a condition of marked polyuria and poly­

dipsia was induced, a response not obtained with other 

adrenal preparations (18^17,17a). In addition, DCA was the 

only adrenocortical steroid to lower serum chloride (k^) . 

In other respects DCA differed from other adrenocortical 

preparations. This steroid proved less effective in 

maintaining adrenal-deficient animals and patients unless 

thev were kept under stable conditions, and it had no 

significant effect upon carbohydrate metabolism of adrenal-

ectomized animals. (2,3,24-, 5>5,^,17) . Unlike DCA, compounds 

with more generalised beneficial effects in adrenal in­

sufficiency, such as corticosterone, possess an oxygen 
r 

PTOU? 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 (O70. 

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 (?7,?g,?9,30). 

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 by 

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 finding that DCA induces 

hypochloremia is enhanced by the fact that hypochloremia 

has been observed in clinical cases of Cushingfs Syndrome 

hyperadrenocorticism {3k). In these cases a state of 

alkalosis is associated with the hypochloremia, so that 

the total anion content of the serum remains approxi­

mately normal. This is to be contrasted with the 

occurrence/acidosis in adrenal insufficiency in which 

both bicarbonate and chloride concentration, and there­

fore total anion amount are low (?&\29,30) . From this 
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t 7 

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, 

0 » similar .the 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 
rino to 

regarded as/overdosage, 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 Unon 

Electrolyte 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 (arei) interdep­

endent in their movements in the body, and the behaviour 

of any 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 occurring 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 

induce hypochloremia. This has been shown in rats, mice, 

dogs, in five of twelve opossum (36), and in one of four 

cats (35). The chloremic response is influenced by the 
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experimental conditions including 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. Maintenance of animals on a low 

potassium regime per se can induce hypochloremia of 

comparable degree in rats (̂ 7,3o\39,1+0) , dogs (35) and 

man (4l), and may also produce a negative chloride 

balance {k2). When this is combined with DCA treatment, 

hypochloremia is more rapidly produced than when the 

notassium intake is normal (lg>,40). The resistance of 

the serum chloride of cats and rabbits to the action of 

DCA noted from the experiments of Darrow and Miller (35) 

and Rakoff et al {k~*>) , was probably due mainly to the 

high potassium or salt concentration of the diets fed 

these animals (fish and vegetables, respectively). 

Usually about 10 days of DCA injections is reauired for 

a small but significant lowering of the serum chloride 

concentration, in rats, although Winter (la) 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 (kk), 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 

(̂ 5,35) found (in animals given 2 to k mg DCA per day 

over a thirty day period) that the serum chloride was 

reduced from a normal of 100 to about 9^ men per litre. 

With shorter neriods of treatment (10 days) the reduction 

was only 3 meq. Buell and Turner noted a 10 meq decrease 

in serum chloride in rats absorbing only 0.3 mg of DCA 

ner day for 7 days from a pellet (46) . Hegnauer (kO) 

noted a decrease of Ik meq in serum chloride in rats 

maintained in a low K diet and given DCA. Selye and 

Dosne (k79k£) 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 analysis of the more complete 

data of Hegnauer (kO) and unpublished observations of 

the author (lb), fail to confirm this view. 

In the dog, DCA frequently lowers the serum chloride, 

by about 5 to 7 meq, (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 k 

mg of DCA, which approach the optimal physiological dosage 

of 1 to 2 mg (,1̂ ), Mulinos et al (52) noted no significant 
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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 # 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 raeq in serum 

chloride in 4 days. In the dog (̂ 3) the plasma volume 

was increased ^t 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 f& to 66 meq per litre in 2 weeks. 

In Addisonfs disease^ of which hypochloremia is a 

symptom ?DCA occasionally lowers serum chloride further 

for one or two days t>rior 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 

Dosne, Buell and Turner and by Darrow (46\46,44) . 

Therefore, although the absence of these glands may 

modify the response (1M, 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 by DCA in the normal rat ("̂ 5,45,56,40) and dog 

(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, 

Selye and Dosne (4$) 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 nearly all 

the chloride, is unknown. Although. Ferrebee et al (19) 

states that muscle chloride of dogs treated with DCA was 

not altered, 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 extremely 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 drinking 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 I 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 (51,57,57a,5$,59,50), although 

it is quite probable from several more recent investiga­

tions (3^,60.61,62,63,64), that a small nprcentage of th* 

muscle chloride is intracellular. Yannet *nd Darrow (61) 

*nd Darrow (6°) found that armroximatelv 1 meq (15%) of 

the 6 to 7 men of chloride ner 100 grams of fat-free 

solids in muscle is intracellular, a figure with which 

the data of the other investigators quoted roughly agrees. 
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Boyle and Conway (63), working with frog muscle soaked 

in solutions containing various concentrations of 

notassium *nd chloride, obtained d«ta which indicated 

that, under the conditions of the experiments, the 

intracellular concentration of chloride i^ proportional 

to the extracellular concentration of potassium per 

litre of water. In cats given potassium 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 

linking the shifts of chloride with corresponding shifts 

of potassium, it is improbable that intracellular chloride \ 
\ 

would increase in muscle cells which ^re losing potassium. ' 

There is no evidence that chloride is lost from 

the kidneys but this will be discussed 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 recently 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 

l4 men per litre were noted first by Loeb et al (99) and 

Harrop and associates (3°), and have been confirmed by 

Muntwyler et al (65)- Lesser changes developed in adrenal­

ectomized rats (66) and in Addison's disease (2$). Neither 

the pH or bicarbonate concentration was appreciably increased 

after 4$ 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 (2^,29,^0). 
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(c) The effect of DCA and of potassium-deficiency on 

potassium metabolism. 

The most striking electrolyte disturbance resulting 

from over-dosage with DCA is the depletion of potassium 

from intracellular and extracellular fluids. This de­

pletion, obviously, is more rapidly produced when the 

potassium intake is low (.1 3,40,67) , and may be prevented 

almost completely by a high intake of potassium (1^,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 depletion 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 treated 

with large doses of DCA was first shown by Kuhlman, Hagan, 

Ferrebee, Loeb and Atchley (13,49,19) in 1939 to 194l. 

Serum potassium values,after 25 mg of DCA per daily for 

a monttLwere 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 si (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,l6). Equally low potassium concentrations 

are produced when the potassium intake is very low (40, 

35,^9), 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 eauilibrium exists 

between intra- and extra-cellular potassium (70,3$). 

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 43 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 twenty to forty percent of the muscle potassium 

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,^2,40,72). 

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 

DCA 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 

clearance studies of potassium have been performed 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 opposite 

directions. There is little evidence reported for an 

increased potassium excretion in DCA-treated animals, 

other than short term experiments of from 12 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 animal^ were in 

potassium balance for the 21 week period except during the 
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first week. (42) These animals were growing, and were 

just in balance. No calculation was made to allow for 

potassium to be deposited in the new tissue. Therefore, 

these rats were actually in negative balance with respect 

to their potassium reouirement, and sodium filled this 

deficit of cation in the cells. Whether this argument 

may be applied to the conclusions of Hagan et al (49) 

cannot be decided since only one control value potassium 

excretion was given. 

It is well-established that in short term experi­

ments potassium excretion tends to be increased by DCA 

over a one-to-five-day period, although daily variations 

in excretion often rob the individual experiments of 

significance. This has been shown chiefly by Thorn and 

associates, but also by other investigators, for normal 

doers (10,73) an<* m a n (5*0 and adrenal deficient dogs 

(10,13), rats (74) and man (3,3,73) • 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 (7^,76, 

10,77,73),- but that DCA was the most effective in this 

respect (10,73). In some reports the data were not 

presented in complete enough form for evaluation. In 

several 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 day or continued throughout 

treatment. In 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 cnestion. Thus, although it is established that DCA 

increases potassium excretion in adrenal insufficiency, 

this must yet be demonstrated unequivocally in the intact J 

animal. 

Loss of potassium from body fluids, whether produced 

by DCA or by a low potassium intake, results in severe 

morphological and functional abnormalities. These include 

extensive focal myocardial necrosis in the cardiac muscle 

of rats (45,35,72,30,31), mice (71), cat (35), and hogs 

(32), 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 (34, 

^5,71,33,72). The most dramatic functional change pro­

duced bv DCA was first noted by Kuhlmann et al in the 

dos (13). 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 (35), and in clinical cases of AddisonVs 

disease (22), but has not been observed in the rat (66, 

35,̂ +5) • 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 (37) and Smith (33), 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 auoted above. The effect on the paralysed 

dog of potassium administration is dramatic. As described 

by Ruegemer et al (37) and Smith (66), an animal lying 

completely prostrate on the floor of the cage and able 

to make practically no movement, 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 periodic 

paralysis in man (39,90). 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 scarring (71). Other abnormalities 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 relatively small doses of DCA 

have a marked effect in increasing renal retention of 

sodium 177,73,10,91,53,54,92). 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 possible that sodium retention 

remains slightly elevated. 

Since the sodium retention in DCA-treated dogs and 

man is usually proportionately greater than the water 

retention, the serum sodium concentration tends to become 

elevated slightly by 3 to 5 men per litre (49,19,16,4*5, 

51,54). An increase of 11 men was observed by Clinton 

et al (53) in do^s 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 43% and 

46%, respectively, while the increase in chloride retention 

was 32% and **%, respectivelv. Similarly, the absence 

of adrenal cortical hormone causes a greater loss of sodium 

than of chloride in doe: (30) and man (93). 

In adrenal insufficiency DCA is very effective in 

produced sodium, chloride and water retention for the 

duration of treatment (6,3,10). 

Renal clearance of sodium and chloride is greatly 

increased in the dog by DCA (7^) while glomerular 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 specific to 

adrenal hormones, but also occurs to a smaller degree with 

androgens, estrogens and progesterone (54,77,73,10). 

There i<* little evidence as vet to link the changes 

in sodium metabolism with potassium. F^rebe^ ^t al (19) 

found that the administration of potassium chloride did 

not prevent the elevation of serum sodium in DCA-treated 

do^s 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 tb* potassium-

depletion lasting twenty-one months. There was a slight 

increase in the average but the velues were very irregular. 

The intracellular sodium content of the muscle in­

creases both in DCA-treated rats and in those maintained 

on a low potassium diet. Ferrebee et al (19) and Miller 

and Darrow (45,33,35) found the intracellular sodium was 

increased in dogs and rats from a normal of approximately 

1.5 - 9.5 to about 13 or 14 men -ner 100 grams fat-free 

muscle solids. (These results havp been obtained by a 

re-calculation of the data of these authors). The data 

of other investigators working on potassium-deficient and 

DCA-treated animals confirm this order of increase of 

sodium concentration, the extent of increase depending 

upon the potassium depletion as discussed in the section 

on potassium metabolism. (37,33,35,45,53,40). 

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 (70,33,65,37,94,95,44). 

Darrow and Miller have been the chief investigators of 

this phenomenon. Thus intracellular sodium increases 

when potassium 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 potassium 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, approximately one 

to one and a half sodium ions replace two potassium ions 

lost according to some investigators (^3,45,50), although 

the data of others (19,37,^0) 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 potassium-deficient animals, has an 

important role in compensation to certain types of 

alkalosis, including that from excessive amounts of 

adrenal hormone. It occurs probably only when potassium 

stores tend to be low, and represents the response of 

the cells themselves to compensate for a relative excess h0dv 

>,, 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 plasma and extracellular 

fluid volume (thidcyanate-space) can be increased by DCA 

in the normal do& and man to values averaging from 11 to 

17% above normal (50,53,92). In normal men Clinton and 

Thorn (92) found the maximum increase occurred on the 

fourth day and plasma 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 

organism the action of DCA has not been appreciably 

increased by a high intake of salt. (^3,92). The adrenal 

deficient organism, on the other hand, is particularly 

susceptible to this action of DCA, especially if the salt 

intake is high (6,3,9&). In the adrenalectomized dog 

Swingle et al (96) noted that the plasma volume was main­

tained by DCA at a level 15To above the control value in 

chronic (not acute) insufficiency, after the initial peak 

of increase had occurred. 
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In rats no determination of extracellular fluid volume 

has been performed, undoubtedly because 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 (51) have also reached a similar conclusion 

for dogs treated for 14 days with DCxl and receiving salt 

supplements. However, this tvpe of experiment has not 

been performed in the first one or two days or even within 

the first week of DCA-treatment in rats, when presumably, 

changes would be more apt to occur. Thev do show that 

the hypochloremia which developed in the later sta?:e of 

treatment was not due to dilution of the extracellular 

fluid. 

In addition to the effect of DCA on extracellular 

volume, a syndrome resembling diabetes-insipidus has been 

induced with DCA in dogs (n-9,93), rats (97,10,99), and 

in one clinical case of myasthenia gravis (35), but not 

in the c*t (̂ 3) or rabbit (43). This polyuria was first 

shown by Kuhlmann, R^gan, Ferrebee, Atchley and Loeb in 
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the dog (13,19,49) with very large doses of DCA (90-25 

mg per day) , but doses as low as 2 mg are effective in 

the dog (52). In, the experiments of Ragan et al (49) 

the water exchange increased seven-fold. The polydipsia 

appears to be the primary disturbance (19,49,52), for it 

precedes 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 by DCA in rats 

(93,1c) and dogs (97) but not in cats (97). Two other 

factors differentiate this condition from true diabetes-

insipidus, namely it is mainly dependent upon the salt 

intake, and secondly it is resistant to the action of 

posterior pituitary extracts (49.52,97)• The polyuria 

appears to bear no relation to potassium disturbances, 

for the administration of potassium chloride to these 

animals mav increase diuresis (13), or have no effect 

(19). Ferrebee et al (19) and others (52), consider the 

polydipsia 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 electrolyte metabolism. 

No water balance studies have been performed in 

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

on electrolyte metabolism. 

Prolonged 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 Produced by main­

taining animals on a low potassium diet for prQlonged 

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 k0% 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 prevents 

the increase in serum sodium, but a high intake of 

potassium prevents replacement of intracellular potassium 

by sodium. Sodium also replaces potassium lost from cells 

in potassium-deuleted animals. 

Water retention occurs in the initial days of treat­

ment with DCA, but subsenuently a condition of polyuria 

develops. The retention of water is associated with 

increased extracellular fluid volume. No early deter­

minations have been made in the rat. The water exchange 

is not dependent upon potassium depletion since addition 

of potassium does not alleviate the polyuria. The polyuria 

appears 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 produced by DCA is 

associated with potassium depletion. Further evidence 

for this is provided 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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is no evidence that DCA increases chloride excretion, but 

experiments have not been sufficiently prolonged to prove 

1 this point. This problem has been investigated in the 

experiments to be reported. The increase in extracellular 

fluid which occurs shortly after treatment could account 

for hypochloremia if the water retention were proportion­

ately 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 Hvperadrenocprticism 
— • " - n • i • i - i- - HI i i • • • i .1 n . _ ..' • i i • _ .i • i i 

(Cushingfs Syndrome). 

It is of interest to consider a type of hyperadreno-

corticism, Cushingfs syndrome, in connection with the 

overdosage effects of DCA on water and electrolyte balance. 

There have been at least* ei#ht 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 

insufficiency. (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 ranged 

*round ^5 as compared to the normal of 27 meq per litre, 

but was as hi^h as 50 meq in one case of Kepler's (104). 

The chloremia in the untreated patients varied from 93*9 

to as low as 50 meq per litre. In the cases determined 

the serum potassium values were about *>.5 ̂ n ™e:r litre. 

(34,106,107). The fluid balance was negative (106), and 

the serum and blood volume were reported low (103,104) 

in the four cases determined. Polyuria and sometimes 

polydipsia were observed in four cases (103,104). 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, since DCA, as noted above, has no 

effect on carbohydrate metabolism. 

In a balance study on one patient. Willson, Power 

\0 ) and Kepler (I0o) 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 Per litre), but the 

chloride balance was definitely positive. Cluxton et al 

(lof) states that there is no evidence that chloride is 

being lost in these patients but does not present evidence. 

On the other hand, Kenler (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 (44)). 

The adrenocortical activity 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 

at 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 (106,107) 

that the primary defect in this condition of hyperadreno-

corticism is a failure of the renal tubules to reabsorb 

potassium, and that the hypochloremia observed is associated 

with the potassium depletion. The relationship between 

chloride and potassium is indicated by the f*ct that 

potassium chloride and possiblv potassium 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 ttioctrolvtes as an Index of Body 

Electrolyte Changes, 

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 follow a general trend in so far es these electrolytes 

are concerned. Since it is agreed that normally 4? to 45 

percent of the body by weight is skeletal muscle, in man, 

rats, dogs, cats, and rabbits (103,109,110), 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 nearly all the body sodium 

and chloride, pxcent for bone and small amounts of intra­

cellular sodium and chloride. The skeletal muscle alone 

contain*3 seventy percent of the intracellular fluid of 

the whole body (110). Another eleven to seventeen percent 

of the bodv is bone (103) in various species, for which 

the exchanges with extracellular fluid *re very slow; 

so that this excludes ^sentiallv this fraction of the 

body weight, leaving twenty percent 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 (HO). Another fraction is formed of 

smooth and c-rdiac. run sole, the latter of which respond* 
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similarlv to potassium depletion to skeletal muscle, 

(34,42,^5,7?), and the former nrobablv also resembles 

the other t^pes 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 (103). The smooth 

muscle may be considered with other types of muscle. The 

s-f connective tissue, according to the careful studies of 

Manery, Hastings and Danielson (112,113).,' may be classed 

with the extracellular fluid phase. In brain, kidnev and 

spleen (37,56) the alterations in electrolytes produced 

by DCA or potassium-depletion «re similar to those pro­

duced in muscle, although not as great. In the liver, 

on the other hand, which comprises about four percent 

J of the body weight, the electrolyte concentrations are 

J probably not appreciably influenced, by either of these 

i\ treatments, according to Heppel (37) and Darrow and 

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

/i 
liver potassium,! asfit does the concentration of this ion 

in other tissues i5§}^ In this organ the potassium is 

more labile, and is closely associated with carbohydrate 

movements (1l4). 

Thus it may be concluded that good estimates can be 

provided by skeletal muscle and extracellular fluid deter­

minations of changes in the balance of electrolytes in 

the body. 
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SrZPEHIMENT AL 

Experimental Procedure 

Experiments have been Performed 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. 

(c) The efficacy in producing hypochloremia of DCA, 

of a low potassium 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. 



40 

Methods• 

Tbroughout the experiments male albino r*ts were 

used. 1^ all force-feeding experiments the animals 

weighed from 275 to 300 grams, initially. Animals 

allowed the synthetic diets ad libitum weighed on en 

average 150 grams initially. The body weight of rats 

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

Diets. 

Several synthetic diets were usert in the course of 

the experiments, 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 T^ble I e.q well as an 

alcoholic potassium--free extract of yea?t prepared according 

to the method of Miller (115)* q n d mixture of many types 

of salts (modified from Steinbach salt mixture 3P). The 

only difference between diets A and B is in the potassium 

content; all other minerals are the same. The addition 

to diet A of phosphate as the potassium salt was compen­

sated for by the substitution of calcium lactate for part 

of the calcium phosphate. In the dry form, diets A and 

B contained 10.0 and 0.?5 meo of potassium per 100 ^rams, 

respectively, and both contained 6.00 men of sodium chloride 

Y/hen dissolved in w*ter, the fluid diets A and B contained 
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TABLE I 
THE CONSTITUENTS 
DIETS 
CONSTITUENTS 
Sucrose 

OF THE VARIOUS SYNTHETIC DIETS 

A 

Dextrin 
casein (low a«h) 
Whole milk powder 
Collu-flour 
Corn oil 
Wheat ^erm oil 
Cod 1iver oil 
Yeast (Pabst) 
Yeast extract * 
S*lt mixture ** 
Bone ash 
NaCl 
KpHPOij. 
KC1 
Calcium phosphate 
Calcium lactate 
Vitamin K 
Vitamin mixture *** 
Dietgrams 
Water added for 

fluid diet 
Total volume 

* * S s l t m ix tu re fo r 

29 .T 

21 .7 

9 .9 
6A 
1.5 
1.5 

Bi C and V% 
30.2 
2I+.7 
21 .7 

9.9 
6 A 
1.5 
1.5 

55% Wo 
9 5% 

10% 
1 
1 

E grams 
155 

(equivalent to h grams of yeast) 
9.0? 

0.M-1 
0.^2 

0 
1M 

kO mer 
100 grams 

•72 cc 
1*40 cc 

2.02 

0.41 

0.^2 
0 

kO mg 
100 grams 

7? cc 
1*40 cc 

600 
120 
10 
10 
10 
100 

J+0 
2% 
1% 

in C only 

Magn<=sium sulfate 
ferric citrate 
sodium iodide 
manganese sulfate 
zinc sulfate 
cupric sulfate 
calcium phosphate 

100 srams 
grams 
0.613 
o.iy* 
O.O77 
0.50H 
0.0?7 
0.033 
O.636 

of d i e t A pnd B 
JL£& 

100 mg. 

100 grams 1200 

960 cc 
2000 cc 

Vitamin mixture for 
100 <?rairr of d i e t s A and3 
K mg Yi t-smin 

Thiamin ? 
Riboflavin 1.5 
jpyridoxine 1 
^lcium pantothenate 2.5 
Nicotinic acid 1.5 
Choiine chloride 25.0 

* a . u mi-rtii-pp for Diet E '-as Osborne and Mendel mixture which 
?oita?ns 22%r°ms o?\otassium phosphate and IP .5 grams of 
So?assiSm chlorTde and 7-7 grams of sodium chloride t>er 100 grams 
of slat mixture. 

, v i M f l at cnrtract was prepared according to the method , The alcohol yeast * * ^ t f s ? a P t e d repeatedlv with water and 

°1 Mli^nhol Si; addef pnfl" tartaric acid which precipitates with 
then alcohol was j a a e a ^ extract was partially evaporated 
potassium as the * a r^ate. J P2n7ft in order to reduce 
at room temperature after preparation 
the volume of extract *dded. 
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7.06 and 0.16 men of uot^ssium per 100 cc of diet. In 

the first experiments a concentration of chloride of 1.6 

men per 100 cc of diet was used, but later this was reduced 

to k'.P.k meq per 100 cc. This latter amount correspond* 

to that added to the dry diets, that is 6 meo ner 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 identical 

in composition to that fed during the experimental period, 

except for the potassium content. Diet C and 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 men and that 

of diet D as approximately 0.^0 meq per 100 grams. Diet 

E is a normally balanced fluid diet, which contains a 

higher concentration of potassium from the yeast and salt 

mixture alone (Table I - footnote), although the uotassium 

concentration was not determined. The chloride concentra­

tion was IVmeq per 100 cc. Animals used to test the 

acute effect of DCA were maintained on purina prior to 

the experiment. 
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w 
,;> 

tr-

The animals fed ad libitum were keut 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 value of the 

constituents of the diet. 

The fluid diets were in stable suspension being mixed 

with the aid of a "mix-master J1 handling for several days f 

prior to use in experiments to adapt the animals to the [\ 

% U factor of handling. The animals were fed at the same time 

s each day at about an eight-and-one-half hour interval. 

During feeding the animals were held gently in the left 

,V^ ^ hand while the tube was passed down readily into th* 

V'1 A stomach. They were placid : after the first day, undis-

turbed by this technique of feeding. They were first 

adapted to the force-feeding techninue bv gradually in­

creasing the daily allotment in three or four days up to 

full feeding, which was P5 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 several experiments through­

out both control and experimental periods id 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 ana delav the onset of ^stro-intestinal 

stasis. The control *nd experimental results were obtained 

therefore under comparable conditions. 
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In Tnot«bolic experiments the rats were ke^t 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 w$s taken to -prevent loss of urine 

by excretion during the handling of the rats, by compressing 

the bladder before the animals were removed ^rom the cap*e. 

In the balance experiments, each rat served as his own 

control. Wo fecal analyses were made. A control study of 

6 to 10 davs was made during the dietary A regime. The 

balance studies w^re continued in the â™.e r^t* during the 

experimental period. 

DCA ™^s iniect^d in crystalline suspension in ̂ ater 

(to -no-rmit Drolonged action). Dose^ greater than uhv^io-

Togical were used in order to obtain the maximal effects. 

From 2 to k mg. was injected subcutaneously ner day, excopt 

in the experiment testing the effect of dosage. 

Blood samples were collected during the experiment from 

the tail of the r*t for chloride determinations, which in­

volved error due to the chloride shift from blood cells to 

serum, but which ^ave an id** of the change produced. At 

the termination of the experiments the animal was *nesthe-

tised with urethane which has been found to h*ve onlv minor 

effects on electrolvtes of the serum (117), *nd blood w*s 

collected under oil from the abdominal aorta. Sprum 

uotassium and chloride determinations were made on this. 

In several instances in the force-fed »nim»ls, and in « n 
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the animals fed ad libitum of diets A and B, blood was 

obtained by cardiac puncture under urethane anesthesia for 

both chloride and potassium determinations. This was done 

b-cau-e it was found that serum r̂ora tail blood or blood 

obtained from the heart without anesthesia tended to have 

more irregular and higher potassium concentration. Muscle 

and small intestine samples were collected under anesthesia 

for electrolvte determinations. In the present report ^nly 

the water content and a couple of muscle notassium values • 

^re reported since electrolyte studies are not completed. 

Tissue w^ter was determined after dedication at 100°C 

until constant weight was reached. 

Chemical Methods. The potassium content of the diets, urine 

and serum was determined by ashing the samples and by sub-

seouent precipitation with silver-cobaltinitrite reagent at 

20°C. The precipitate was washed ^ times with * cashing re­

agent composed of alcohol, water and ether. The washed pre­

cipitate was dissolved in dilute sulfuric acid. The blue 

color developed bv adding alcoholic ammonium thiocyanate 

solution to the dissolved nrecipitate way determined in the 

Evelyn colorimeter with Filter #620. A series of standards 

were run with each set of unknowns: and at least two deter­

minations on each sample were made. In analysing the accuracy 

of the method duplicates were run through the whole chemical 

procedure as if they were separate samples, for a series of 

$0 serum and urine sample* over a period of several months. 

The standard deviation of the difference* bet^e-n each mean 

and it* duplicate values was 1.1 percent. 
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1 
Chloride wag determined in urine and serum bv the 

I ' ' I 
method of Sendroy (llg) and modified by ¥an Slyke and 

/ / 

Hiller (119). The standard deviation of this method was 

0.^ percent. Dietary chloride was determined by the 

usual thiocyanate titration following digestion in silver 

nitrate solution (Peters and Van Slyke, ,120), and whole 

blood chloride by Patterson's micromodification (̂ 21) / / 

An attempt to determine "thiocyanate-available" 

fluid volume, as an estimate of extracellular fluid volume, 

was made. This was based on methods used in larger ani­

mals. However, although many of the results were auite 

consistent about a figure of ^7 volumes percent of the 

bod̂ r weight, about one in ten v^lue^ were v^ry hir>h in 

normal animals. The errors were considered to be too 

high to detect nhan^e^ of the order of ten to fifteen 

percent in extracellular fluid volume. 

Statistical analyses have been performed using the 

usual formula for standard deviation of samples within a 

^roup, and using paired samples in most cases to evaluate 

the difference in behaviour of animals to treatment (l?2)./k> 

In the following formulae n refers to the number of 

animals in a group, n-1 bein^ the number of decrees of 

freedom, X i05 the mean of a ^rouu, and x the individual 

samples, d is the difference between individual paired 

samples, and Xd refers to the mean of the difference*. 
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S.D. (standard deviation) = / (X - x ) 2 

n - 1 

S.S.^ (standard error of the mean) = (X - x)°-
n (n-1) 

S.E.— (standard deviation of differences between paired 

samples) = j Z - (xi - xo) 

n (n - 1) 

and "t" or Students test of significance 

= I d 
S.E._ 

When the value of wt,f is 3 or more, there is less than 

one chance in a hundred that the difference X^ is due to 

chance, and therefore this difference is highly significant. 

With a *t9 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 considered to be probably 

significant, or on.the border between significance and 

insignificance. 
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EXPERIMEITTAL RESULTS 

A. The effect of various dosages 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 and DCA periods. The results and treatment are 

summarized in Table II. 

Table II 
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 (mea per litre blood) 
animals mg/dqy DCA Initial S.D.* DCA S.D.* n " 

10 0 
2 0.05 
6 o.io 
6 l.o 
6 5.0 
6 10.0 

& Footnote: 

4 
4 
3 
3 

see 

77-6 
7̂ .5 
77.2 
76.5 
77.2 
77.3 

statistical 

1.1 
— 

1-7 
1.4 
2.3 
1.4 

methods. 

32.0 
75.4 
73.3 
JO.? 
69.9 

— 

2.2 
1.9 
2.3 
1.7 

— 

1.62 
1.32 
4.27 
7.6 

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 meq. These doses 

were equally effective. The smaller dose of 1 wz. did 

decrease serum chloride slightly in some animal^ but 
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this effect was not significant statistically; Therefore, 

it is concluded that the hypochloremia action of DCA is 

an overdosage effect, since the optimal physiological dose 

for an adrenalectomized rat is of the order of 0.1 to le*s 

than Co" mg. per day (17a). The physiological dose of an 

adrenal hormone is the dose required to maintain life in 

adrenalectomized animals. 

A few remarks m*y be made regarding the water exchange. 

In these animals receiving a relatively hish intake of 

sodium chloride (?.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 (R2) pol̂ m.ria *nd polydipsia were parallel except 

during this initial Period. 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 t̂ o to two and one half times the control v^lue 

of ik to 17 ^c a day. The maximum increase '^s as great 

with 1 mg as with 10 mg, but with the larger doses the 

increase was more r*pid. The maximum effect thus was 

attained in approximately two to two and one half weeks 

with large doses, while with 1 m^ dose the maximum diuresis 

occurred in °n average of three and one half weeks. 

B# The acute effect of DCA upon Serum Chloride and Potassium. 

The effect of DCA on êrura chloride and ^ot^ssium was 

investigated a few hour* ->fter administration to find out 
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how nuickly this steroid affects electrolyte concentra­

tions an^ to determine whether earlv changes in serum 

chloride concentration can be correlated with renal 

excretion of this ion. In previous experiments of the 

author (la) in younp- 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 from 75 to 70 men 

per litre. 1^ the present study this has been confirmed 

in one rat of body weight 105 grams given a 5 nig dose of 

DCA. The study is preliminary since only one control rat 

and one experimental animal was examined, but the results 

are reported since they substantiate findings in the 

balance studies and point to the existence of one of two 

mechanisms bv which DCA can produce hypochloremia. 

The data for these two rats are p-iven in Table III. 

Urinary analyses of potassium and chloride were performed 

for the eiffht hour period of the e-vneriment. The bladder 

was washed out with distilled water at the en^ of the 

period. The animals were fasted prior to the test and 

no food or water was allowed during the test. 

The data show that within 6 to 6 hours a very large 

dose of DCA can reduce both serum chloride and potassium 

concentration to values lower than normal. The serum 

chloride concentration ^as reduced bv 0 meq per litre, 

and the potassium concentration of the DCA-treated rat, 

was 0.6 me" lower th°n the control animal, as well as 
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lower than any normal rats which have been studied. The 

serum water was higher (93.9^ grams percent) than other 

animals which have been observed in this colony, the rang* 

of normal being 92.2 to 9^.9 grams per 100 grams of serum. 

As shown from the calculations belo^ 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 

potassium loss except to point out that the urinary excretion 

can only account for the decrease in the extracellular 

potassium concentration of 0.6 men per litre (Extracellular 

fluid volume X decrease in extracellular E concentration 
1000 cc 

, .25 x 105 x i^l^-^il = #0l6 men) 
1000 cc x .939 

I" calculating the total loss of chloride from the 

extracellular fluid which would be renuired to account for 

the hypochloremia observed, it will be fi^st ŝsumer? th*t 

the "chloride-available11 extracellular fluid of the body 

i* not altered by DCA. The normal volume of "chloride-

available * fluid is approximately twenty-five percent of 

the body weight (1??). Therefore the total loss of 

chloride from this fluid (in practice, the extracellular 

fluid of the body) can be calculated as follows, the 

decrease in serum chloride being? q men ver litre and the 

bodv weight, 105 grams: 
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decrease in extracellular 01 concentration x extracellular 

fluid volume 

= 9 
T000 x 0;939 = o t ^

 v (°-p5 x 105) = 0.?7 men 

wher* 0.9o" and 0.9^9 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 which the 

chloride is distributed remains constant, a loss of 0.27 

men chloride from the extracellular fluid has occurred. 

The loss of chloride in the urine wa* only 0.1 meq. There­

fore this does not account for the ^rl,r hvpochloremia 

produced bv DCA. Since chloride was not lost from the 

bodv. the volume in which chloride is distributed I the 

extracellular fluid) must have been increased. Thi* 

indicates that hypochloremia can occur in the rat as R 

result of expansion of the extracellular fluid soon after 

the administration of DCA. As discussed in the review 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 ^OP-S. 

Table III 
THE ACUTE EFFECT OF DCA ON SEHCIM CHLORIDE AND POTASSIUM 

CONCENTRATION 
— — — D C A Control - no DCA 
Serum chloride meq/l 
the day prior to experiment 109.4- 107.4 
6 hours after DCA (tail blood) 100.2 
6 hours after DCA (arterial 
blood under oil) 

Serum potassium meq/l 
6 hours after DCA 3 •<>•}• 4-.S3 

Urinary potassium mea in 6 hours 0.C14 
Urinary Chloride men in 6 hours 0.106 
Serum water grams / 100 grams 9^9 
Muscle water ^r*ms/ 100 * solid 73*3 74.5 
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,0. The effect of^DC^^i^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, Wiich are normal 

and low Potassium diets, respectivelv. Three groups of 

rats weighing between 150 and 175 ̂ rams were used. In 

the first diet C was fed throughout, and DCA was administered 

daily in a doqe of ? mg, for twenty days. In the second 

group the low potassium diet was fed for ^5 days. In the 

third group a loxv potassium diet was fed for eight days 

prior and during the ten day period of DCA treatment (2 mg 

daily). Throughout the experiment the serum chloride was 

determined from tail blood after a fast of eight hours. 

The data are. presented in Table IV. 

The Effect of DCA and Low Potassium Diet on Serum Chloride 
— TABLE IV ~ ~ 

DIET PURINA LOW POTASSIUM NORMAL POTASSODM 
DAYS ON DIET - 6 16 35 9 °0 

GROUP NO. RATS DAYS ON DCA - 0 10 0 9 20 

I 6 106.9* 99.5 97.^ 
± 1.9 + ^.0 + 2.1 

II 6 106.1 97.2 
i 2*7 

III 16 105.2 10^.6 99.6 
+ 1.7 + P.7* +̂ .2 

Footnote: * Serum chloride concentration in men
x per "litre 

driven with standard deviation. 
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These data show that the serum chloride was reduced 

9 to 10 men per litre by either a low potassium di«t or 

DCA iniections of P mg per day. DCA produced a more r»pid 

decrease in the serum chloride than the low potassium diet. 

As 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 ?.? men ner litre was small 

but highlv significant statistically ("t" was 7.3) because 

of pairing of sample*, it occurred 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 shown that serum chloride may be reduced by any of 

these three procedures. In addition these data pemit a 

comparison between the effectiveness of the three treatments 

in producing hypochloremia, the combined treatment being as 

one would expect the most effective, the injection 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 rats used in the above 

experiments isotonic solutions of various salts of potassium, 

sodium and chloride were administered to test the effect 

of these ions in -returning the hypochloremia. This wa-
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performed to compare the hypochloremia produced 1.n DCA-

treated rats to that observed in C^Mnrrtc. s^rdrome. Tha 

rats v^ro treated with DCA ^or ton to twenty days and 

maintained on di«t D, o-r», }P a few cas^, on diet C, until 

hypochloremia was marked. The chloride intake w»s normal 

throughout. The salt solutions wore administered by 

stomach tube repeatedly over a sixteen hour interval epch 

day. This was done in order to ensure that th° animals 

received the same dose of ions. The salt* administered 

were potassium, chloride, potassium citrate, sodium chloride 

pnd ammonium chloride. The total dose given in one and 

one half to two days w*s 0.93 to 1.6 meq of the potassium, 

sodium or chloride ions. Eight hours prior to blood sampling 

the food was withdrawn and no salt solutions were admin-

istered in this interval. 

The results ape ^ummari^ed in Table V, These show 

that potassium chloride, pota^siu^ citrate an^ ammonium 

chloride increased the low <3erum chloride concentration 

partly towards normal, while sodium chloride had no effect. 

Four davs following the ^alt administration in the various 

groups, the serum chloride had returned to the initial low 

levels again, since DCA-treatment wa<* continued throughout. 

These experiments show that an increase of the potassium 

ion alone (potassium citrate), increased the serum chloride. 

The administration of the chloride ion in the form of sodium 

qalt had no effect, but chloride in the form of the ammonium 

and potassium salt* were effective in these short term 

experiments. 
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The results confirm the observations of Willson et 

al (106) and Cluxton et al (107) on the hypochloremia of 

Cushingfs syndrome in res"»ra to the effectiveness of 

potassium chloride and inefficacy of sodium chloride on 

the hypochloremia. The former investigators found 

ammonium chloride, following a period of potassium admin­

istration, and potassium citrate increased serum chloride. 

In the experiments reported in TQble Y which lasted for 

two days both of these salts also increased the serum 

chloride, the ammonium chloride being effective for this 

period even in the aT3SenC0 0f potassium. 

It was planned to run similar experiments in force-

-?ed rats with the ions added to the diet, to remove the 

objection to oral gava<?e. The development of gastro­

intestinal disturbances prevented this, except for a few 

tests with potassium phosphate and sodium chloride added 

to the diet. In these the potassium salt resulted in an 

increase in serum chloride, and a decrease in urinary 

chloride loss, while the sodium chloride, in a small dose, 

was ineffective. These observations will be considered 

with the balance studies. 
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Table V 

EFFECT OF SALTS OF POTASSIUM, SODIUM M P CHLORIDE ON 
DCA-HYPOCHLOREMIA » _ _ _ _ _ _ _ 
Treatment DCA DCA and treatment with salts DCA-4 days after 
, salt treatments 

No". Eats Clg^ salt Cls No. rats with 
increased C g Clg 

5 93.6 KC1 99.2 k 9k.5 

7 93.^ K-citrate 9̂ .6 7 9^.9 

k 96.3 NaCT 96.4 1 96.0 

k 9%q NH^ CI 99.^ ~^ 

* after one and one-half to two days of treatment with the 
various salts. 

** ci s « serum chloride in m^o/"litre 

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

potassium and chloride balances of force-fed rats 

Potassium and chloride balance r̂ri ^erum studies have 

been performed in rats treated with DCA, in rats fed a low 

potassium diet and in rats ^ed s low -nota^sium diet and 

treated with DCA. These experiments were performer! to 

determine whether chloride is lost in the urine, ard whether 

a loss, if it occurs, could account for the hypochloremia 

which is produced bv th^se treatment*. Potassium balance 

experiments were performed to determine the actual potassium 

loss from the body since this has not been performed before 

in DCA-treated rats and to correlate th* hypochloremia with 

notasqium changes. In addition, a repetition was planned 

of the experiments testing the effect of sodium, potassium 
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and chloride administration on hypochloremia, but only a 

few observations 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. 

^2?-*5?5*J Balanee studies were performed in rats w*ierhing 

an average of 290 grams. They were fpd a constant amount 

of diet by stomach tube at regular intervals in order to 

eliminate variation of intake of food. The diets A *n* 

B are described in Table I and the techninue of force-

feeding is given in the section on method. Each animal 

was observed during a control period oil Diet A and during 

the experimental period. 

Unfortunately, the animal quarters were not well-

regulated and variations in temperature 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 2S cc of the 

diets but since disturbances in the gastro-intestinal tract 

developed in notassium-deficiencv, it was found advisable 

to prolong survival bv reducing the dietary allotment to 

either 20 or l6 cc per day by eliminating the dietary bulk, 

celluflour. The animals were studied until defication 

ceased or until retention of fluid in the gut could be 

detected. 
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At this point it is necessary to mention the gastro­

intestinal disturbance* which occurred in these force-fed 

potassium deficient rats. These prevented prolonged balance 

studies under these conditions and i*d to the death of the 

animals in acute distension of the whole gastro-intestinal 

tract. As e result of the fluid retention in the gut and 

possible inaccuracy it introduced at an unknown point 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 abnormalitieq produced in the gastro­

intestinal tract. In potassium-deficient rats force-fed 

25 cc of synthetic diet defecation ceased as a rule in 6 

to 10 days but in some animals treated with DCA no feces 

were excreted after k to 5 days. Gastro-intestinal dis­

tension developed and became of tremendous proportions. 

All the untreated rats died before two weeks of 

potassium-depletion, and if they received DCA they usuallv 

died in about 6 to 9 days. In the distended rats fluid 

and gas, and later unabsorbed food̂  was retained in the 

atonic, flaccid bowel. Whether the fluid in the gut was 

increased prior to the cessation of defecation is not known. 

X-ray studies were performed in other deficient rats during 

the first five to seven days of deficiency which was prior 

to cessation of defecation. Since these did not reveal the 

characteristic fluid and gas accumulation or appreciable 
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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 eliminating cellu-

flour (rats 205,204,103,105,310 and 303 of figures 1.3, 

and k), 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-S5th 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 ?5 cc of Diet A (k9 calories) 

gained an average of 1.6 grams in weight per day after 

adaptation to the diet. Weight was lost initially during 

adaptation. When the animals were maintained on 18> or 20 

cc of diet A (35 or 3q calories) the gain averaged 0.5 grams 

per day. The gain in weight of potassium-deficient rats 

was similar, 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 prior 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 

weight of 150 grams, the daily intake of dry diet A was 

roughly 15 grams equivalent to kO calories. This amount 

contained l.k meq of potassium. The average gain in weight 

of rats maintained on this diet for kj days was 2.2 grams 

per day. Rats kept 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 animal s more wasteful 

of the food, so that food weighings wftre not continued. 

This was equivalent to Jrt calories and contained 0.0^ 

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.? 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 adequate. 

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 

(kP.) . Since the animals used in the experiments reported 

here are adult rats, potassium deficiency was not as 

serious as it is in voung rats and some growth was 

possible. 
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Charts:, Potassium and chloride balance studies were 

completed on thre* rats 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 chart;s giving control and experimental balances 

for each animal (figures 1 to k) . The data have been 

analysed in Table VI. In the charts the chloride and 

potassium balances are represented, in most cases for two 

day intervals, 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 valuer for 

the second day. In the Table VI figures for the average 

daily retention of chloride and potassium 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 

ion was then assumed to be the same throughout. Therefore, 

the difference in the potassium and chloride balances 

between the control and experimental nerio^ (column C) 

was calculated as the algebraic difference between retentions 

during the control and e-̂ nerimentai periods, it mav be 

mention^ again tb«t in these balance studies the -recall 

proration ™*s excluded throughout, <"> that the balance 

figures are not absolute. In comparing the control with 
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the experimental period this factor presumably cancels 

out. The fecal potassium excretion has been observed to 

be very small and relatively constant in notassium-

deficient *nd normal rats (1*9) . Ir, experiments preliminary 

to the metabolic studies reported here the author has 

determined chloride excretion in the feces Qf normal and 

DCA-treated force-fed rats, and found only traces of 

chloride excreted by this route. Th* amount excreted 

was the same in both groups of animals averaging 0.031 

men -̂  0.003 per day. 

Calculations: The control s^rum chloride concentration 

^n* the lowest serum chloride obtained towards the end of 

the experimental Period are also presented in Table VI. 

From this the loss of chloride from the extracellular 

fluid was calculated (column F) on the assumptions that 

the chloride is distributed through thQ Q^BI^ volume of fluid 

in control and experimental period, that this "chloride-

available" volume is 25 percent of the body weight (123) 

or 75 cc in a 300 gram rat, and that 92. o~ percent of the 

serum is water, a figure obtained 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)a - (Cl)b) 100 x 1 v 75 
1000 "" W~.5 ^75 

where 0.95 is the Donnan factor allowing for greater anion 

concentration in the interstitial fluid from which the 

indiffusible anion of the serum (protein) is excluded. 
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The loss of body potassium (column G) was calculated on 

the assumption that 0.25 percent of the body weight in the 

rat is potassium, a figure noted by several investigators 

(124,125,126). Thus the total body potassium in the normal 

rats weighing 300 grams is approximately 19 men. The total 

loss of potassium in the number of days noted (column E of 

table 6) was calculated as a percentage of 19 men. 

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

1,3, and k), DCA increased chloride retention for about two 

days, significantly in five of eight rats (20^,102,103,303, 

501), and very slightly in a sixth (205). After the first 

two or three days, in all but one of the eight rats (10?), 

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 potassium depletion 

was 10?. 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 

(Figure 2) . The initial chloride retention which occurred 

in DCA-treated rats was not observed. Hat 104 on diet B 
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d S 

is included mainly for the potassium balance since this 

animal developed pneumonia from aspirated food and the lo 

of chloride may have been dUe to this on the last day (5th 

day) . A decrease in chloride balance occurred but not until 

the third day. it is of interest that the addition of sodium 

chloride to the diet during the experimental period in rat 

10^ did not prevent the development of a negative chloride 

balance (Figure 3) . Diet B with 7.6 men percent chloride was 

used during the experimental period «<? compared with diet 

A with k.2k mea percent during the control. 0n the other 

hand, the addition of potassium to the diet of rat 105 (Figure 

3) immediately brought the chloride balance up to + 0.01, 

T^hich was associated with a marked retention of potassium; 

the DCA injections were continued throughout. Two days later 

the DCA reduced the potassium and chloride values to slightly 

negative retention despite the continuation of the high 

potassium intake. In the case of rats 101 and 106 (Figure ?} 

it is very possible that retention of fluid and ions in the 

gastrointestinal tract occurred and that this accounts for 

the return of the chloride balance to normal positive aq has 

been discussed above with the notes of the gastrointestinal 

changes. 

Serum chloride: IP several cases of DCA-tT»eeted rat* a qTnRii 

decrease of about 9 to 5 men per U t ^ of serum chloride occurred 

during the first t-o (r-t 10?, *olj., 90*5, io?,105) . R-.ts 30^ and 
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301 were not tested until the third dav - h ^ balance ^ s already 

negative. Thi* early decrease in serum chloride was associated 

with either an increased or normal chloride retention. At the 

end of the expprimentai period the serum chloride was reduced 

bv an average of 1? men below the control concentration. This 

average was for ten r*ts (excluding ^ t 104) and for a duration 

of DCA or low notassium regime lasting an average of eight 

days I There a-pe not sufficient co™r>arabi e data to dr»w con­

clusions an to the loss of serum chloride bv the three treat­

ments. Under the conditions of the experiment there, WPC n o 

appreciable difference between the rats of the three croups. 

The later hypochloremia was associated with the loss of chloride 

from the body. Thus reduction of serum chloride by DCA W*F 

produced both du^in^ the initial phase when chloride was 

retained or not lost, and during the Phase in which chloride 

balance was negative. This indicates that with Prolonged 

treatment DCA influenced the serum chloride concentration by 

two different mechanisms. 

It is interesting that the figures for chloride loss from 

the urine (Table VI column E) account reasonably well for the 

loss of extracellular chloride (column F) in seven of nine rats 

which developed hypochloremia. The agreement i- not so close 

in rats 10&4 and 303, the former of which behaved differently 

than the other rats with regard to chloride loss in urine. 

Among the group of nine animals the urine loss averaged l.i* 
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- as compSMrt ^ t „ w t M 0 . U u U r ^ ^ ^ ^ ^ 

fc,W1"J" W,1»1» *""• «l« « » . » • » . between E *„d , ,. 

compared with an eitrscflUni^ „ M •,, , 
ex-cr cellular chloride loss of 1.21 m eo. The 

deviations were large ,.a Percent, but not in actual amount of 

chloride Considering the number of assumption, and th- ten-

^encv towards retention of fluid in the m t , f W several days 

of potassium deficiency, and th* fact that repeated bleedir^ 

of the animal, remove chloride from the body which has not 

been considered in the chloride loss column (a). (0.2 cc of 

blood was removed from the tail for a serum determination of 

chloride), it is surprising that the serum chloride loss is 

accounted for so v-n by urinary chloride loss. From this it 

is concluded that the hypochloremia Produced by prolonged 

treatment with DCA is due to renal loss of chloride. 

The addition of potassium to the diet of rat 105 (figure 

3) increased serum chloride from 97.9 to 101.1 meq per litre. 

In another rat fed diet B alone (rat 201 not included in the 

balance studies), the serum chloride w*c. increased from S>1.2 

to 93*k in one day. The very low value of 6l.2 was probably 

partly due to fluid retention in a visibly distended gut. 

The increase of sodium chloride content of the diet B fed rat 

103 did not influence the hypochloremia produced. 

Serum Chloride in rats fed ad libitum: It took longer 

to produce hypochloremia in rats fed diet B ad libitum. j n 
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these animals fed diet B for ^9 d*vs and given no DCA, the 

serum chloride was educed by an average of 6.1 men. 

Pota^jum balance: The charts show that the potassium 

balance of rats on diet B was markedly n<^e tive throughout 

the regime of low potassium diet in both DCA-iniected and non-

injected animals. (Figure ?9^>9k) . In the DCA-treated rat* 

on diet A, (Fifcure 1) there was sharp decrease in the potassium 

excretion, but actual negative balances (excluding fec*l 

excretion) were not obtained. Following the initial dpor^ase 

there was a gradual return towards the normal limits of 

retention. The total loss of potassium in the number of dey<=? 

noted (column E of table 6) ̂ q calculated as a percentage of 

the total body r>otassium ^f a nonnal rat weighing 300 gr*ms 

end is given in column G-. Annroximately one-third of the 

total potassium was lost in eight days in rats force-fed the 

low potassium diet B. regardless of whether DCA was admin­

istered, although the number of observations are too small 

to nermit the conclusion that DCA doe* not increase enhance 

potassium excretion in rats maintained on a very low potassium 

intake. The initial potassium loss seemed greated in the DCA-

treated group,as can be note^ from comparing figure 2 with 

figures ^ and k. Aft^r much potassium ^as lost during the 

first four to sic days>presumably there was less pot^sium 

pvailabl* for excretion and the potassium loss fell off 

sharply. The loss of body notassium was much less in the 

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

percent in 6 to 6 days. 
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Tissue potassinm- The potassium concentra t ion wa*o 

det-rmin-H for the muscle and i n t e s t i n e s of 2 pot-ssium-

d<=fici<=>nt r « t s , on« force-fed and th« other (^at 13°) ^ 7 ° r ° i y 

d e f i c i e n t frn^ e^ t ina d i - t B ad l ib i tum. The muscle potassium 

^ o o 29#i Pr,H 30.^ me"/">00 CTPI' f a t - f r e e s o U d " , ^ ^ i n t e s t i n a l 

not^s^ium was 30.6 and 31.7 meo/100 f n ^ f^ t - f r e^ s o l i * 0 . T"ro 

normal animal* had conc^ntr^t i ons in muscle anr=i i n t e s t i n e of 

hh me^ and h? me", r°^p°c>tively. For the muscTe and i n t e s t i n e 

in the^e animal* the loos of pota-^ium wa<* 3^ t o ?F5 percent , 

r e s p e c t i v e l y . 

Serum npt^ssjnTTi: S^ru1-" pot^sin™ concentrat ion? for both 

experiments with force-fed r n t s nnd with r a t s Q 11 owed u n r e s t r i c t e d 

amount^ of food ere s iv°n in t a b l Q 7 . T"es» w i l l be refer red 

t o ^e°in in the sec t ion on the ^a^trointepstinal t r a c t . In r a t s 

fed ad l ib i tum the seru" potassium was decreased by a To-"' 

notassium in tak° fro™ ° normal of k.&7 men per l i t r e (d ie t A) 

to an averas-e of 3.0 mei ^er l i t ^ ° in °1 to 15 days, j . ^ r - p ro ­

longed maintenance on d i e t B (^7 d^y-) lowered the potassium 

concen t ra t ion to ?.7^ me- per l i t ™ . R*ts ^ v e n DCA and e* tm^ 

the normal d i e t A showed a s imi l a r reduction in serum n0 t»ssiT l r a . 

In one animal t r e a t e d wi th DCA ^nd ?iven d ie t B a* l ib i tum, serum 

notassium w-s very l o - , 1.91 men per l i t r e . In *li groups of 

the force- fed r a t s pot* s slum - a s l o s t from the s-rum more 

r a p i d l y . After «n average of *irt i t davs of ^ i - t B - i t h , or 

wi thout DCA, the s-rum potassium was o.l+p as compared *dth a 

normal of *.6 men. In one r a t given DCA alone the serum 

potassium concen t ra t ion was s i m i l a r , ?M meq per l i t r e . 
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TABLE VII 

SERUM POTASSIUM CONCENTRATION IN POTASSIUM-DEFICIENT RATS 

Diet fed days no. rats DCA serum K S.D.**" 
meo/l meo/l 

B 

B 

B 

A 

A 

B 

A 

A 

E 

ad l i b 

ad l i b " 

ad l i b * 

ad l i b * 

ad l i b 

force-fed* 

"force-fed 

force-fed 

force-fed* 

^5 

21 
57 

33 

KG 

M$ 

9 

7 

9 

15 

7 

5 
9 

1 

3 

5 

6 

l 

h 

i 

0 

O 
0 

+ 

+ 

0 

+ 

+ 

0 

0 

3.01 

3.06 
2.73 

1.91 

2.90 

K.67 

9,k2 

2.6<5 

4.79 

5.25 

0.5 

0.37 

O.7^ 

0.27 

0.9.6 

*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 potassium chloride of rat 3 ^ 

promptly increased the serum potassium in a d a y from *M 

to M l men per litre, and in rat i3& from 3.0 to 5.57 meq 

in 2 days. 

Moribund potassium-deficient animals were found to have 

higher serum potassium than did those in good condition. 

Thus values in force-fed rats of 5.31,5.7^ 5.75, and 3.g0 

meq per litre were observed in animals moribund from gastro­

intestinal distension, ^nd values of 3.1+5,5.14.5, and 5.1 were 

found in moribund animals fed ad libitum. The animal (#*=>) 

whose terminal potassium was 5.1 meq will be referred to in 

section B. This rat was in good condition after 30 days of 

diet 3 regime, and had a serum Dotassium of ?.^?. 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.k and 61.6 grams per cent for normal muscle 

and intestine, respectively, and 75-0 and 852.1 grams -nercent 

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

Serum chloride: The experiments 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 overdosage. This was anticipated since the 

doses of DCA used by other investigators to produce electrolyte 

disorders, including hypochloremic (^5,47,^0,19), have been 

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

to produce significant lowering of the serum chloride in the 

animals tested, which were force-fed di«t E, a normal diet 

with relatively high potassium content. In other experiments 

a 2 mg dose was consistently effective 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 hypochloremia 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 

p e r s e (0.0^5 to 0.045 meq per day) product a small but 

statistically significant decrease of 2.2 mea per litre in 

the serum chloride in 6 days, and a decrease of 6 to 9 m^o 

in ^5 to ^9 days. When DCA was administered to rats force-

fed a diet higher in potassium than the others used, Diet E, 

it reouired 5 mg and thT-pa week* treatment to produce signif-

icant lowering of the blood chloride (bv 7 man r>er litre) With 

the other normal diet* containing less potassium and fed ad 

n M t m a 2 mg dose of DCA lowered serum chloride in 10 days 
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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 total of 16 

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, both 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 adjustments more readily than force-

fed animals since food is not suddenly forced into the animal. 

Further evidence of the relationship between the potassium 

intake and hypochloremia was obtained by treating hypochloremic 

animals with potassium salts. Potassium chloride> or potassium 

administered as a non-chloride salt, elevated the serum 

chloride and increased chloride retention by the kidney 

sharply. 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 

elevating- serum 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 Willsnn et al (106) and Cluxton et 

«i l\oi) in clinical cases of hypoadrenocorticism. In these 
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it was shown that potassium chloride, or potassium citrate/ 

according 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 

amonium chloride after a period of high potassium intake, 

while the findings in the rat indicated that ammonium 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 

occurs at this time. The second effect of DCA which occurred 

shortly after the retention, 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 low potassium ration. In (force-fed/rats^&i^t ? 

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 observed 

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 

figures were derived on two assumptions, one, that the 

"chloride-available* fluid, in practice the extracellular 

fluid, represented twenty-five of the body weight in both 

periods, and two, that the decrease in balance was the alge­

braic difference between the experimental and control reten­

tions. 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 potassium balance figures discussed below. 

Potassium balance: The urinary loss of potassium in rats 

force-fed a low potassium diet for an average of 9 days was 

considerably more than that produced by DCA in the presence 

of a normal potassium intake. In rats force-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 assumption mentioned above). This per­

centage loss of the body potassium was similar to the loss of 

skeletal muscle and intestinal potassium observed in potassium-

deficient rats, one force-fed and another fed ad libitum for 

a much longer period of ^9 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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( 1 9 , 4 5 , ^ 5 ^ 0 , ? 7 , 4 P , 7 D . This shows ag*in t ha t loss of 

potassium, in add i t ion to tha t of ch lo r ide , occurred more 

r ap id ly with force-feeding than with normal feeding. In r a t s 

t r e a t e d wi th DCA only, for «even days, the r>ota«sium loss was 

only ten r^-rrjant of the body potassium, ** compared with one-

t h i r d for the animals maintained on the "ootassium-^eficient 

d i e t wi th or without DCA i n j e c t i o n s . The serum potassium was 

approTima t e l y as low, however, in the one nnim^l examined, 

2.65 m e i / i i t r e . 
JV, r>t,r>-no Jjjrf I1 T e y e i n g J^Jll^Illd a j n o t n h ^ l . 1 sm. 

Among the three groups of rats used in the balance experi­

ments there was a very rou^h correlation between the reduction 

of chloride and potassium balance per day. However, the 

several variables involved, including in particular the duration 

of treatment and the use of both DCA and a low pota^ium diet 

to deplete potassium preclude the drawing of conclusions from 

the data obtained to date. The correlation between the bal­

ances are -oriented in figure 7. Thi* would be an interesting 

relation to establish in view of the considerable data accumu­

lating «Bbnwiryrr the relation between chloride and notassium 

shifts in the body fluid* (6^,94,123,44,9*5) . 

Further data reported on chloride metabolism indicated 

that DCA can decrease serum chloride during the first two days 

of treatment by/second mechanism which is not related to chloride 

excretion. In acute experiments it has been shown that DCA 
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in l a r g e doses produces hypochloremia "d th in a few hours a f t e r 

a d m i n i s t r a t i o n . In nrevious experiments a decrease of 5 men 

of blood ch lo r ide was obtained (la) , and in the one r a t t e s t e d 

in t h i s r e p o r t , a decrease of 9 meq was obtained in s ix hours 

a f t e r DCA admin i s t r a t i on to a small r a t . In t h i s animal the 

hypochloremia could not be accounted fo r by the ur inary chlor ide 

e x c r e t i o n . In a d d i t i o n , in the DCA-treated r a t s used in the 

balance s t u d i e s , serum chloride decreased from 9 to "5 men per 

l i t r e dur ins the f i r s t two dnv« of t rea tment . Therefore, the 

hypochloremia Produced in the i n i t i a l sta«r<= of t reatment was 

a ^ o c i s t e d . wi th chlor ide r e t e n t i o n . Thus t h i s e«rlv h^no-

oMoremia di f fered from th*t producer! bv prolonged treatment 

wi th DCA. The l a t t e r has h<=en shown to be *^qnni»ten with 

potassium l o s s . 

T*e e a r l ^ hvnochloremi* which h<s.« been n rodue^ und«r 

thes^ two condi t ions mav be r e l a t e d to an expansion of the 

e x t r a c e l l u l a r f lu id volume, hut s ince it. w»s not found f e a s i b l e 

t o determine e x t r a c e l l u l a r f lu id volume in these «*n*n »nimals, 

t h - argument, support ing t h i s v W r e s t w,ix.lv on in fe rence . 

It . has b-en *hown h - several i n v e s t i ^ t o r * that DCA inc reas - s 

.erum and e x t r a c e l l u l a r f lu id volume in do*s end man (50 ,^3 , 

90) . R«ts have not been examined. I t has been discussed in 

the l i t e r a t u r e review tha t i t i s very un l ike lv th* t chlor ide 

3 h i f t s i n to the e l l s under the ac t ion of e i t h e r DCA or 

. o t a s s ium d e p l e t i o n . This r e p o r t h - demonstrated the u r i n a r y 

http://ix.lv
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chloride loss is not responsible for the *arlv hypochloremia. 

Therefore dilution of the extracellular fluid dissolving 

chloride probably occurred. One experimental fact was obtained 

in the acute experiment which supports the view that serum 

dilution, and therefore, presumably extracellular fluid ex­

pansion, occurred. This was the observation that the serum 

water increased to 93-9 srams percent as compared with the 

normal range of 92.2 to 9̂ 5.2 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 water from the 

cells themselves. That DCA and adrenal extracts can exert 

such an effect is indicated from studies in adrenal insuffic­

iency in whifch the cells are hydrated (3,55)• Whether thi* 

effect occurs with very large doses of DCA in the normal 

animal Permitting an initial shift of intracellular water to 

the extracellular phase remains to be determined, but it would 

not he an anomalous effect in view of the observations in 

adrenal deficiency. 

To explain the early decrease in serum chloride which 

occurred in the force-fed rats treated with DCA, a retention 

of yater in excess of chloride could account for this decrease, 

aside from the possible shift of fluid discussed above. It 

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

tention occurs in the first few days from both a reduced output 
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and an increased intake. Evidence,from the rats treated with 

DCA and fed diet E,of an initial lack of parallelism between 

output and intake of water was indicat^but the volumes 

involved are so small for the rat that * conclusion wa* not 

drawn. Whether th- DCA produces hypochloremia in rats eating 

ad libitum was not determined. It is possible" that the forcing 

of food and the water dissolving this food bidaily brought out 

maladjustments in electrolyte and water distribution which 

would not occur in a rat eating normally. 

With regard to the acute experiment a theoretical dis­

cussion of the magnitude of increase in extracellular fluid 

volume which would be reauired to lower the serum chloride by 

9 men, as observed, will be presented. 

Taking the difference in serum water'percent between that 

in the DCA rat and the highest value observed in a normal rat 

(93.9 - 9^.2) which is 0.7 percent increase in serum water, 

this indicates that roughly the serum proteins have been diluted 

by sufficient water to decrease the concentration from 6.6 to 

6.1 grams percent. 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 

some of this increase of volume of serum would be reflected in 

an increase in the interstitial fluid volume which is in 

enuilibrium with the serum. If the total extracellular fluid 
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volume were increased to the same extent of ten percent as the 

serum volume^which is roughly so in the dog (50), treated for 

longer periods, the serum chloride would be decreased 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 6 hours, 

as has been determined in many 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 experimental error in the thiocyanate 

method of determination 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 ©aylev" 

t&ialrj-o (6k) might prove satisfactory. 

Water exchange: Increased water exchange was observed 
— and 

in rats treated with 1 mg of DCA or more/fed diet ETwhich 

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 to as high levels with one as with ten 
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mg of DCA, while s i g n i f i c a n t reduct ion in blood ch lor ide did 

not occur wi th the one mer dose . 

In moribund animals , or in those exh ib i t in** a ^^rk^d 

d i s t ens ion of the abdomen, i t was observed t h a t serum potassium 

became e l e v a t e d . This was probably due to anoxia or poss ib ly 

to ad rena l in s e c r e t i o n , both of which have been ^hown to c\ 

increase the o<=rum p o t a ^ i u m concentra t ion P O Q ,130, jf^i , 1 ^ ) . 
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SUMMARY 

The purpose of the experiments reported has been to 

investigate the mechanism by which DCA produces hypochloremia. 
••> 

Experiments were conducted to determine whether DCA hypochlor­

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 determine whether chloride is lost in the urine of DCA-

treated rats, how this compares with the potassium depletion 

produced and how the potassium and chloride changes of DCA-

treated rats compare with those produced by pure potassium 

deficiency produced by a low potassium intake. In addition,^ 

the relative efficacy of potassium and sodium salts^on hypo­

chloremia and chloride balance were compared. .+ i'6v ^ -?^ 

It has been shown that (a) DCA hypochloremia is an over-

dpsage? effect since a 1 mg dose given daily for a month was 

uneffactive in lowering serum chloride, (b) hypochloremia can 

be produced within six hours after the administration of a 

large dose, and that (c) the effectiveness of DCA in reducing 

serum chloride is increased by maintaining rats of a low 

potassium diet. The latter observation confirms that of other 

investigators. DCA was more effective than a low potassium 

diet in decreasing serum chloride in rats fed ad libitum. A 

decrease of an average of Ik meq can be produced within l6 days 

by the combination 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 

BOA treatment or a low potassium diet, than in rats fed ad libitum 

In balance studies on rats force-fed a constant dietary 

intake, it has been shown for the first timefthat 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 potassium deficiency produces only the latter 

effect, a negative chloride balance. 

Balance 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 produced in the acute experiment could not 

be accounted for by loss of chloride in the urine. The poss­

ibility that these are due to dilution of the extracellular1 

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 

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

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

DCA injections or not. DCA produced a sharp decrease in 
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potassium balance in animals receiving the control diet, but 

balance ™?s gradually restored toward? normal, and the net 

lo^s in "7 days was only 10 percent of tbe body potassium. 

A very rough relation between the decreases in chloride 

balance and potassium balance per day was obtained for the 

data in the balance experiments. This requires further con­

firmation. 

The administration of potassium as the chloride or a 

non-chloride salt, increased the serum chloride 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 t*e potassium 

depletion produced by thi<* adrenocortical steroid. 

It is concluded also that DCA ha? two effect* on chloride 

metabolism, The initial effect is to decrease, and the second, 

to increase chloride excretion. The hypochloremia produced 

by prolonged treatment can be accounted for by the chloride 

loss in the urine* while the early hypochloremia observed 

under certain conditions results from the rearrangement of 

the chloride stores in the body. 



P A R T I I 

THE EFFECT OF POTASSIUM DEFICIENCY UPON 

GASTROINTESTINAL MOTILITY 



REVIEW OF THE LITERATURE 

In this review the influence of the Potassium concen­

tration of the fluid environment has been considered in re­

lation to the structure and movements of the gastrointestinal 

tract. Experiments performed 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 insofar a? these relate to the problem under 

discussion will be presented prior to the consideration of 

potassium effects upon these properties. 

The Movements of the Gastrointestinal T^act 

The structural arrangement of the walls of the gastro­

intestinal tract is similar throughout, from the oesophagus 

f to the rectum (1J>]jji an(* from species to species anions the 

mammals (lj>k) . There are four coats in the walls of the erut, 

which, from the lumen to the outside surface a-re the mucosa, 

the submucosa, the muscularis propria and serosa. The mucosa 

consists of the epithelial layer pnd p-lands, the connective 

tissue lamina propria, and tbe muscularis mucosae. In the 

submucosa and associated closely with the muscularis mucos&J*' 

is the intrinsic submucosal nerve plexus of Meissner. The 

muscularis propria is composed of an inner circular and outer 

longitudinal coat of muscle to which is add^d, in the case 

of the stomach, an oblioue layer inside the circular co«t. 

The intrinsic nerve plexus, the myenteric ^le^u- of Auerbach 

lies between the two layers of muscle in th« muscularis propria. 
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The serosa or connective tissue membrane covers the organs, 

and contains additional nerves and ganglia. 

The intrinsic nerve Plexuses of the submucosa and muscul­

aris consist of an intricate network of ganglia and nerve 

processes. The vagus, and less'possibly the splanchnic nerves, 

make connections with these, (135,136,3?7,l?g) but the plexuses, 

can regulate, or even initiate movements of the smooth muscle 

of the digestive tract independent!v of the extrinsic inner­

vation The number of eanglia in these two plexuses vary-

roughly in parallel in the different parts of the gut (1^9. 

l40)" . The number of ganglia is greatest in the pylorus and 

colon. Smaller numbers are found in the small intestine, 

approximately one half to two thirds as many, hut there is no 

significant difference throughout the small intestine in the 

concentration of ganglia. There are relatively few in the fundus 

and upper part of the body of the stomach in which peristalsis 

is feeble. 

The extrinsic nervous supply to the alimentary tract is 

provided by vagal and splanchnic sympathetic nerve fibres. 

Usually, stimulation of the vagal fib^eq iq excitatory to 

the movements and tone, while the splanchnic stimulation has 

\ the reverse effect of inhibition7 (lk)J However the responses 

obtained depend <rre«tly upon the condition of the stomach and 

intestines at the tima. ^r^ upon the e-perimeptal methods (iTM3g) 

In several snecies, at least, digestive function- may continue 
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fairly adequately without extrinsic innervation, but in the 

normal animal the extrinsic nerves permit rapid adaptation 

of the gut to changes in digestive and environmental conditions 

11^3, 1*2, 137,1^). 

There 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 aire tonus, rhythmic segmentation and rhythmic pendulum 

movements, and peristalsis. r 

Much of the knowledge of the tonus changes and movements 

of the gut has be^n derived from the classical work of Gannon 

(1*1-3 t© 155) > who was the first to study the gastrointestinal 

tract by roentgenological teejbmique following a radio-opaque 

meal (l44a) . Since then Alvarez and associates have made 

valuable contributions to the study of the normal movements -\ 

of the gut, which have been reviewed lately by Alvare2/(13d)^) 

The subject of smooth muscle has-been reviewed by Evans (I56) 

in 1926 and more recently by Fischer (1!M)> in lflt^and also 
, I . /_ y 

by McSwiney in relation to the stomach ( *7).A$ 
(a) Tonus. 

As in all organs encased in smooth muscle, the gastro­

intestinal tract-, exhibits the 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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as the resistance of the smooth muscle to extension. It i* 

a property characteristic of >and inherent in, smooth muscle. 

Tonus is regarded now as a partially inhibited or very slow 

relaxation of smooth muscle (15£>,159), rather than as a partial 

contraction of the muscle as Cannon and Lyman (15^) believed. 

It is not considered to be Qualitatively different from other 

contractions of smooth muscle (156,159,157). The relaxation 

may be increased in speed or completeness bv various ap-^nts, 

and the effect is termed a decrease in tonus (159,160) . The 

chief stimulus for tonic contraction i* tension, which, in a 

holi/v*r or^an snch as the directive or^n^, i* n-roduced by ^n 

increase in internal ^ressur°. Th* <* ̂ timulu" i* pl^o the 

p^tural stimulus fnr rhythmical movements. Within limits an 

i-noT»PRPo in internal pressure increases the tonus, but if the 

distension is too p-reat the muscle id fatiqu^d *nd fails to 

respond with increased tone (150). Thus the resistance to 

extension exists no longer and the or^n a* * whole becomes 

dilated. The tonus is increased "hv acetyl choline and decreased 

y/ jbv adrenalin, a. p rule (lTO,15^,l6l,l6?). It may vary 

independently of the rhythmical movements. 

According to 0«nnon 0 50,151,15?) * certain decree of* 

tonus is essential in order for rhyttaical movements to occur 

in the gastrointestinal tract. He found that an atonic bowel 

does not respond with rhytmical movements to the normal 

stimulus of distension. 
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Since the Principal movements are most clearlv «een in 

the small intestine, we will start the discussion with th* 

small intestine. 

(h) Rhythmic Movements in Small Intestine. 

The rhythmic segmentations occur in the small intestine. 

They are series of narrow bands of circular constriction, 

pulsating frequently and at relatively constant rate for a 

particular species (i1+5,ik6,1^3,l6?) , In the rat the freq­

uency is more than forty and in man it is about ten per minute. 

These closely-spaced, biting constrictions are local contrac­

tions stimulated by the presence of food or material in the 

lumen within a length of intestine and which divide and re-

divide the contents and mix them with juices. These movements 

are considered to be myogenic in origin, since they can occur 

in the absence of all nerve cells (16^,165,166,167) and since 

smooth nuscle which normally contains no nerve cells show 

similar rhythmicity (l6sLl69,170) . They are not prevented^by repeated 

circular transections of the e-ut up to the submucosa (1^3) . 

Pendular movements are a swaying type of contraction in which 

the contraction of the longitudinal muscle is more prominent 

and in which longer lengths of bowel contract as a unit. 

This shifts the food to and fro *long the intestinal mucosa. 

Alvarex (13^) considers the length of bowel contracts as a 

unit because of reflexes set UP in the intrinsic nerve plexuses 

by the distension of food. 
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(c) Intestinal peristalsis. 

Intestinal peristalsis iq , different ty^e of wave than 

the rhythmic segmentations (1I+5,153,171,1?*). These waves 

travel down the srut and propel food actively in the caudad 

direction. They begin at an area of high irritability or 

activity, more often at the pyloric sphincter than in other 

segments, and travel down the intestine for variable distances 

(145,13*) . Another feature differentiating these contractions 

from segmentations is that the length of bowel alternately 

contracting and relaxing is much greater. In the cat, for 

example, four or five cm. of intestine contract at a time as 

the wpves of contraction move down the intestine 0 53). Unlike 

the segmenting movements, peristalsis i« prevented by tran­

sections up to the submucosa at short intervals along the gut 

(153)• This indicates that peristalsis reauires the plexus 

of Auerbach (the Myenteric) for conduction of impulses, while 

the segmenting movements do not. 

(d) (Jaqtric movement0. 

The fundus and the uppe^ part of the corpus of the stomach 

produce only tonic contractions (144,172,173) . By gradually 

increasing its tone as digestion proceed<* and food leaves 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 (1.44). The peristaltic waves 

are circular waves of contraction which originate as shallow 

waves in the middle of the corpus and travel down the stomach 

wall to the pylorus, becoming more and more powerful as they 

progress downwards. These rhythmical movements occur at 
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regular intervals. As first observed by Cannon (144) in the 

cat, they occurred every ten seconds and took thirtv-six seconds 

to pass down the pylorus. Thps several constrictions were 

present at any one time. The vigor of contraction depends upon 

the food material present. Contractions are very powerful when 

solid particles are present, and much less so when only a bismuth 

or barium and water suspension is present in the stomach (144, 

l47,13o)• 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 clearly divided into a thin-walled 

membranous cardiac half *nd the lower thick-walled half with 

much stronger muscle layers, 

(e) Movements of the lare-e intestine. 

The cecum may 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 (l45) and Elliott and Barclay (174). 

In the colon, (145,174,175) small waves of contraction 

similar to the rhythmic segmentation in the small intestine, 

are noted, and in the proximal part of the colon antiperistalsiq 

occurs, particularly in herbivors, if the contents are soft (174). 

In addition, peristaltic waves travel down the colon. These are 

broader and deeper 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 periods 

for mass movements and defecation. 
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The Effect of Changes in Potassium Concentration on the gastro­

intestinal Tract. 

The main type of experimentation with uotas^ium on gastro­

intestinal motility has been in vitro studies on isolated strips. 

These are suspended in physiological saline solutions and the 

concentration of potassium varied, or the ratio of calcium to 

potassium changed. There has been little work reported on the 

influence of potassium on the bowel in the intact organism. 

These have included reports as to the effect of potassium 

deficiency on the gross appearance and histological structure, 

and experiments in which body potassium was increased by 

injections(£fykdrenalectomy. 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 deficiency on the morphological 

appearance of the gastrointestinal 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 potassium diet contained 0.01% 

potassium. The most carefullv carried out experiments have been 

those of Follis, Orent-Keiles, McCollum (42,72) and of Kornberg 

and Endicott (176) in the young rat. The foimer investigators 

found animals fed a low potassium diet survived indefinitely 

and did not develop intestinal abnormalities Their diet 

was supplemented by liver extract and oil-soluble vitamins, but 
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not by crystalline vitamins. Kornberg and Endicott, on the 

other hand, found that animals of the same size (weanlings) 

fed a diet of the same potassium content (0.01%) died 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. 

Grossly 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 lesions in 

the myacardic consistently occur (72,35). 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 date, and larger amounts of 

these vitamins had no effect on the various pathological changes 

produced by the low potassium diet. The vitamins added were 

thiamine, riboflavin, nicotinic acid, pyridoxine, pantothenate, 
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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. In 

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 

(&)) later found that their rats died an average of 25 days 

when the diet contained only 0.001% potassium, 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. He mentioned 

no observations on the gastrointestinal tract. 

The first report of intestinal changes produced by a low 

potassium diet was by Schrader et al in 1937 (177)* These 

investigators found that when young 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 enlarged 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 Fullerfs-earth adsorbate of a yea*, and the animals were 

not pair-fed. The investigators concluded that the changes 
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observed were due to vitamin B deficiency. The content of 

potassium of the adsorbate was not given so it is not known 

whether this was a factor in the curative effect of the yeast. 

Heppel and Schmidt (176) in 1^6 noted flacciditv and dilatation 

in potassium-deficient animal* receiving extracts of rice bran 

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

rats gained little weight' but survived at least for the seven 

^ week period reported unon. However, further experimentation by 

Heppel (6)fi) failed to confirm his previous observations on the 

gastrointestinal fcact. He considered that this may have been 

due to the use of a more potent batch of extracts as a source 

of vitamin B, and that therefore the former changes noted (17$) 

were probably due to vitamin deficiency. In mice no changes in 

the microscopic appearance of the intestine were observed in 

potassium deficiency by L^ebow et al (71) in 194l. In these 

animals potassium-deficiency was severe enough to produce loss 

of twenty-five percent of the cardiac potassium and severe 

cardiac lesions. Skinner and McHargue in 1945 (179) performed 

experiments on rats fed a ration containing 0.005% potassium, 

supplemented by nearly all the known crystalline vitamins of 

the B complex- Their observations indicated that potassium 

deficiency probablv produced intestinal changes in motility 

although their statement regarding these is merely the following: 

"In fact, because of accumulation of fluid in the intestinal 

tract, the animals usually weighed a few grams more at death 
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than when placed on the exDerimental ration". The rats aie^ 

between the twentieth and fortieth days. In all their experi­

mentation with low potassium diets (n.01% potassium) and DCA 

treatment on adult nats, Darrow and Killer (45,35.^9,67) bave 

never mentioned changes in the gastrointestinal tract. 

Robertson and Doyle in 19^5 0&>) noted intestinal stasis 

on a low mineral diet in voung rats. Additions of Vitamin B 

extracts did not relieve the ^taqis. Addition of calcium and 

sodium had little effect, but the addition of both potassium 

and calcium prevented stasis, in their preliminary tests addition 

to the diet of potassium carbonate only gave variable results. 

The two measures of stasis were th« delay in excretion of car­

mine and the difference in total weights of the intestines in 

normal and deficient rats, which was presumed to be due to 

increased contents. It is possible that in these experiments 

the intestinal stasis may be associated with potassium deficiency, 

although administered potassium may not be able to act in the 

absence of calcium or, less possibly, of sodium. 

Various investigators have examined skeletal and smooth 

muscle of potassium-deficient rats and mice, and h*ve found, 

on the whole, the changes in histological structure relatively 

slight or non-existent (45,7?,3l). T h e changes in the smooth 

muscle of the vv.t observed by Kornberg and EnaicottJ^'nentionert 

above. In skeletal muscle of potassium-deficient mice Liebow 

et el (71) observed no microscopic changes but noted that 

following recovery on potassium d^t occasional muscle fibres 
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showed degenerative changes. The significance of this is not 

known. As mentioned in the soCtion on electro^te metabolism 

changes arp invariably produced in the cardiac muscle. Electro­

cardiographic changes and degenerative changes of the Purkinje 

fibres of the bovine heart have also been noted (69,79). 

Thus there is evidence that maintenance of rats on a low 

potassium diet can induce macroscopic and microscopic changes 

in the gastrointestinal tract which are indicative of decreased 

tone, although in the majority of experiments these were not 

found. It is possible that there are differences in various 

strains of rats, which render some more susceptible to 

potassium deficiency insofar a* gastrointestinal disturbances 

and mortality is concerned (42,79,176). 

The potassium intake of rats maintained on 0.01$ potassium 

diet eating 5 to 6 grams is 0.5 to 0.3 mg, and on a 0.005% 

diet it is half of this. The^e are very ^ 1 1 amounts to d*»l 

with. Miller (l6l) found that for opti^i growth in young male 

rats 15 mg of potassium was rehired daily, while females re-

ouired half this amount. The observation on young male rats 

has been confirmed by Kornber^ and Endicott (176) who found a 

diet containing 0.17$ potassium satisfied the minimum optimal 

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

of potassium per d*y (r6l) *** thus potassium deficiency ^ not 

as severe in these animals which are not growing »* rapidly a* 

young rat^. 
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(b) The effect of injected potassium on the motility of the 

gastrointestinal tract in the intact frog. 

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 (1*2) 

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$ ot 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 inhibition 

falls in line with observations made of the effect of potassium 

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

section on in vitro studies. 

(c) The effect of adrenalectomy on the movements of the gastro­

intestinal tract. 

In the adrenalectomized rabbit and cat, Vogt (1*3) and 

Fowler and Cleghorn (1*4) have observed that the gut became 

markedly constricted or spastic 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 s tarvat ion, which was tested in normal control cats 

(1*3). The cause of th i s s p a s t i c i t y i s not known, although 

i t was implied that the changes are due to e l ec tro ly te and 

water metabolic changes which occur in terminal adrenal i n ­

s u f f i c i e n c y , rather than to a spec i f i c e f fect onjjhe adrenal 7 
<6~~~7 

ortex upon the gut. What role the absence of the adrenal 

medulla played in these adrenalectomized animals has not been 

considered, but, since the condition developed only in the crisis 

due to adrenocortical insufficiency, adrenalin ; probably played 

a neglible role. Vogt found that neither 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 

»s usual response of relaxation to splanchnic nerve stimulation. 

* In adrenalectomized and adrenalin^dogs Clarke and Cleghorn (1*5) 

found an increase in the concentration of potassium in small 

intestine, but their results on the rat cannot be considered 

as indicative pf any change at all in potassium concentration, 

although therpotassium content of other tissues increased. 

The intestinal potassium of adrenalectomized cats and rabbits 

has not been determined. J>O t 

A decrease in blood volume produced by vitamin B deficiency 
o 

was responsible for gastricatomy observed in the dog according 

to Rose et al (1*6,1*7)- Therefore, much more work is needed 

before it can be concluded by 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 isolated stomach and intestine 

to changes in ionic concentration^ similar to those 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 mammals, will be con­

sidered. 

The effect of potassium depends upon the amount added 

(1*7,1**,1*9), on the duration of treatment (190,191), and 

also upon the initial potassium concentration of the control 

bo£h (1*9,192) . The effect of aoparticular concentration of 

potassium depends 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, 

192,1*9,194,191). This may then be followed by an inhibition 

(191) . The effect on the rhythmical movements is less consistent 

or neglible. The frequency 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 (195,1**, 
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1*9,196). 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 tonefe (190). 

With concentrations of potassium below the normal Tyrrode's 

solution effects are more irregular than with concentrations 

above the normal. Thus, starting at the normal concentration, 

a decrease as well as an increase in potassium concentration 

may increase the tone, or produce a contraction (193,192,19$, 

199,200). There is considerable variability in the responses 

of different smooth muscle preparations to the same change in 

environtoental 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 contractions 

become feebler progressively and eventually cease altogether 

(201). 

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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while Tery large doses may cause paralysis without the initial 

excitatory effect. In all these experiments with ion osmotic • 

concentrations must be controlled. These dual effects on 

excitability have been shown in vertebrate tissues of many 

types, including smooth muscle, as discussed above, skeletal 

muscle (202 to 207), nerve cells and fibres (20*,209,210), 

and for transmission in the central nervous system (192a, 211, 

212,213), at neuromuscular junctions (2l4) and in ganglia (215, 

2l6). Even in mammalian heart muscle a slight increase in rate 

of contraction sometimes occurs with a small increase in con­

centration for a short time (217,21*), which is followed by 

the usual decrease in rats (219) and 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 potassium and its relation to acetyl/1 choline,which is involved 

in transmission 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 also liberates adrenalin-like substance at adrenergic 

nerve endings (223). I n tissue respiration studies it has 

been shown that the acetyl choline synthesis of brain tissue 

is increased by small doses of potassium, but inhibited by 
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large amounts of this ion (224). Both acetyl choline ('225* 159) 

and potassium (226,191), however, exert an effect on smooth 

f^^^W*01* of the § u t w h i c h has been functionally freed of nervous 

r ^ 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 muscle. 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 a chronic experiment 

performed in the intact animal. 
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In view of the difficulties expressed in these paragraphs 

it is 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 animals. 

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 primary effect or a secondary, causes changes in cardio-

ovascular system, and possibly influences the nervous elements 

of the gastrointestinal tract. 

(e) $he release of potassium from active tissues. 

There is much evidence that potassium is released from 

contracting tissues in excess of those which are non-contracting. 

This has been shown for the stomach isolated and contracting 

in potassium-free Tyribde solution by Cicardo (22*,229) . The 

loss of potassium is especially marked when contractions are 

rhythmical as was shown by Fenn (230). Miller and Darrow, 

however, found that voluntary contractions of skeletal muscle, 

unlike those resulting from electrical stimulation mainly 

in vitro, did not alter the potassium concentration of the 

muscle (45). Presumably the exchange with the Hood potassium 
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in these intact rats wa<* rarnrf onnn^ +. 
* wet. rapid enough to prevent the decrease 

in muscle concentration, sinpp fho o w ^ A 
1 s i n c e the evidence appears 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 toeen very 

completely reviewed by Fenn (59,1^), 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

intestinal tract. Experiments showing the paralysis of skeletal 

muscle which is produced by potassium deficiency of DGA (Part I-

Historical 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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the 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 

deficiency on the motility of the gastrointestinal tract 

and the effect of subsequent 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) .i> The series of rats were divided into the following 

groups for X-ray studies: 

(1). Force-fed rats 

(a) Diet A- controls 

(b) Diet B- low potassium 

(c) Diet B plus DCA 

(d) Treatment of some of the animals of (b) and (c) with 

potassium 

(e) Controls of the force-feeding technique: 

(i). Control on handling - sham-tubing of rats 

(ii). 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 been 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 

placdJU animals even initially. 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. 

These 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 tubing did not disturb them. This is 

important for studies of the gastrointestinal tract, since 

excitement inhibits gastrointestinal motility, ( . 

an effect mediated through the sympathetic ne.rvous survolv 
u l ^^^^ ^^ 

* or due to ̂ adrenalin release (14*) . The intake of potassium 
JJJ^ ^- . — 
' for force-fed animals was 1.6* meq and 0.04 meq per day of 

U*^ diets A and B (fluid), respectively, and for animals fed ad 

libitum the potassium intake was 1.40 *nd 0.0^ men of dry 

diets A and B, respectively. Serum notassium determinations 

were performed at intervals throughout the experiments. The 

results were nresente^ in T*ble 7 in Part 1. Since these 

values showed little correlation with the degree of dysfunction 

produced in the gastrointestinal tract, but were low in all 

animals exhibiting moderate symptoms,, these will not be con­

sidered in detail. No balance studies w*r* 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 (see T*ble 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 put was inspected for gross changes 

the abdomen was opened during urethane anethesia. which has 

been shown little effect on motility (2J8). In force-fed rats 

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

and in all moribund animals, as well as in sever* 1 animus 

prior to this state. In rats fed ad libitum in which ch*n*e« 
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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 deficiency 

in a force-fed rat and in one fed Rd^libitum, 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 PO 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 srrams or 

less. These received 10 cc. The rats were taped by the four 

le^s 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 appropriate intervals. Routinely the rats were inspected 

at least at one, three and five hours by X-rav, and sometimes 

at twenty-four hours, and usually more frequently by fluorescope, 

but examination was continued over the first 12 to l4 hours when 

deficiency changes 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 -re definitely of value in grading response. 
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In rats in which no barium is detected in the gut by X-ray, 

chemicalWeteetible amounts may be present (233),. but these 

are not important for the purposes of the experiments presented 

in this report. 

¥he factors of handling the rats and tubing them bidaily 

and of sudden distension of the volume of fluid diet admin­

istered by stomach tube were examined in two groups of rats. 

In the first group of 4 rats the tube was passed down to the 

stomach twice daily but nothing was introduced. In the second 

group of 4 rats 12.6 cc of water was given by stomach tube 

twice each day, although water does not stay in the stomach 

long. 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 

response 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

tent was *.7 grams per 100 cc, 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 one used by Ingle as a medium balanced 

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 anX-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." 



122 

Experimental Observations 

The experimental observations on the effept of potassium 

on the gastrointestinal tract have been presented according 

to the plan which is presented below. In the distinguishing 

between the observations made in rats force-fed and in those 

fed 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 

quantitatively, although not qualitatively. 

Plan: 

(a) Preliminary observations from gross examination of 

potassium-deficient rats. 

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

(c) X-rays of force-fed rats. The effect of potassium 

deficiency and acute and chronic therapy with potassium. 

(d) X-rays of rats fed ad libitum. The effect of potassium 

deficiency, of acute and chronic therapy with potassium, 

and of restoration to purina diet. 

(e) Observations on potassium of body fluids. 

k^K- ̂  
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(?) dtficieStr?ats!erVati0nS f r ° m S r ° S S e x a m i n a t i o n o f potassium. 

Force-fed 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 tats. 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 the gut became distended with gas, fluid and later with 

unabsorbed food. Respiratory difficulties were associated 

with the distension. The animals became moribund in about 

three days after defecation ceased and died before the fourth 

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 potassium-deficient 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 1* hours longer. The walls of 
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Figure 6# Photographs of the gastrointestinal tract in rats: (a) £o:rcal 

(b) potassium-deficient force-fed and (c) potassium-deficient 

fed ad libitum. 
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the gat were thin in their greatly distended condition and 

the intestines, both large and small, were in heavy coils 

which looked like a balloon. This state of extreme flaccidity 

distension and amotility was seen in all segments of the gut 

from stomach to rectum. 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 libitum, 

but is not readily seen in the picture. This vascular stasis 

was probably due in part to imparled 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 1* 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 cellu-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 t*e clinical condition and 

mit was dramatic in these animals. This wa« tested in four 

rats in. severe condition in which the abdomen wa. *0 distended 

that the animal w on its back, breathing with difficulty. 

A total dose of I.55 to 2.0 men of notassium was given by 

subcutaneous and injection by mouth. The fo? lowing morning, 

fifteen hours after the treatment, each cage was fiiiod with 

many feces and each animal appeared normal and active. From 

16 to ^0 grams of body weight were lost overnight in these 

animals as a result of the excretion of retained fluid and 

fecal material. The administration of potassium in adenu*te 

amounts to two DCA rats (1.95 mer» per day) preventer) the 

development of symptoms for the period of 17 day* ov°r ̂ hich 

they were examined. 

Rats fed ad libitum: In rat^ eating ari "Hbitura "nota^ium 

deficiencv caused gradual and less drastic changes. Although 

^11 potassium-deficient force-̂ e<i animal^ nied from p-astro-

intestinal disturbances, relatively few rats fed ad libitum 

died from potassium deficiency. It, could not be concluded 

that these deaths were due to gastrointestinal 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 as in force-fed rats. In a few rats the cecum 

reached enormous proportions and was distended chiefl^ with ga*. 
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In several animals examined which were in fair condition, 

the stomach and small intestine were filled with clear fluid, 

which w&f be compared to the observations of Skinner and 

JNteargue (179) quoted in the introduction. In figure 6 a 

picture df the gut of an anesthetized moribund rat the day 

following a barium test is shown. The changes are severe 

particularly for the stomachy which is dilated with gas and 

retained*barium,and for the gas-distended small intestines, 

which are amotile. Since the main symptoms of gastrointestinal 

dysfunction were detected by the X-ray examination and con­

firmed in the severe stages by gross examination the details 

wlll^be1 considered 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 

intake. *Phey were not in poor condition. It is possible that 

the more severely deficient animals ate less in accordance 

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• 

Potasaium-deficient animals of the "ad libitu*" group 

in good clinical condition could not tolerate the stress of 
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force-feeding even of small amounts of d i e t , T^ree animals 

which had been maintained on d i e t B ad l ib i tum f^r ?0 day,s and 

were eat ing w e l l , wppe then force-fed two feedings of d i e t B 

of 7 cc each in one day. Although the animals had been hea l thv 

in appearance, soon a f t e r the f i r s t feeding the animals became 

v i s ib ly i l l . They a l l died twenty-four to t h i r t y - s i x hours 

l a t e r showing the t y p i c a l p i c t u r e of acute g a s t r o i n t e s t i n a l 

d is tens ion which has been descr ibed for force-fed r a t s . Much 

of the food was r e t a i n e d in the stomach but the gut was d i s ­

tended with sras and f l u i d . From data presented below, onlv 

moderate reduc t ion of m o t i l i t y and l i t t l e decrease in tone 

occur a f t e r t h i r t y days of maintenance of d i e t B ad l ib i tum, 

but ev ident ly the d i g e s t i v e t r a c t cannot adapt to the s t r e s s 

of fo rce - f eed ing . Three normal r a t s unadapted to the technique 

of fo rce - feed ing t o l e r a t e d two feedings in a day of 12.5 cc 

each without v i s i b l e e f f e c t . 

The serum potassium for r a t #5, of the de f i c i en t group, 

was 2.~^ m e n / l i t r e p r i o r to force-feeding and 5.1 m e q / l i t r e 

when moribund. The tendency for serum nota^slum concentrat ion 

to r i s e in s t r e s s in the r a t s has bee< discussed in Par t I . 
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(b) Gastrointestinal X-ravs of normal and control rats. 

Explanation of figures: In the X-ray figures 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 1?. The rat number is given, as 

e.g. R133, the hour after barium administration of the X-ray 

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

B) , DCA (k mg per day for force-feeding and 2 mg for ad libitum 

experiments) . If DCA is in brackets this indicates that treat­

ment with DCA was given with diet B for the time indicated. 

Normal; Examples of the normal pattern of the digestive 

canal and the transit of barium in fasted rats maintained, on 

purina are presented in figures 7 and 6. Within five minutes 

after barium administration the first half of the small intestine, 

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

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

as that for rat 133 following recovery (Figure 12h, 2 minute 

Z-rav) . For about twenty minutes the barium regurgitated up 

to the oesophagus, often to the level of the nharynx, 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 (fi-ures 

7a,c,g. and &?) *nd occasional^ -lmost all the barium (7f) 

was evacuated from the stomach. Normally g^st^, evacuation 

was complete by from th^ee to five hours, (fiwr- 7 ^ i , . i ) . 
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Barium e n t e r e d the cecum about t w 0 hours a f t e r a d m i n i s t r a t i o n 

and u s u a l l y appeared l n the f eces b - the end of the t h i r d 

hour ( f i g u r e 7b,d) . An es t ima ted ha l f or more of t h e barium 

wqci exc re t ed i n the f e c e s by the end of f i v e hou r s . The 

remainder was r e t a i n e d i n the cecum and colon, or o c c a s i o n a l l y 

t r a c e s were p r e s e n t i n t e r m i n a l loons of the <un*li i n t e s t i n e . 

The stomach was emptied ( f i g u r e 7e and £5 and i ) . A sm»n 

f r a c t i o n of t h e barium was r e t a i n e d in t he colon in f a r t e d r ^ t ^ 

P t t h ^ pnd of twen ty- four hou^e, in t^o stomach of t h e r a t s 

examined in t h i s *tudy p e r i s t a l t i c c o n t r a c t i o n s w e r e not v i g ­

o rous , rvrnbably because only barium s u l f a t e Qnd wa te r were 

a d m i n i s t e r e d . The stomach was normallv de^v1^ c o n s t r i c t e d 

approx imate ly in t>p c e n t r e ( f i g u r e s 7 and 6) , *r*r) th« c o n t r ­

a c t i o n s ^Thich ,,foTp nicked upon on the X-ray p l « t e occurred 

below t h i s . The s t r o n g e s t c o n t r a c t i o n s occurred in the p y l o r i c 

c a n a l . I t may be noted h e r e , wi th regard to the p lace a t which 

t h e stomach was c o n s t r i c t e d , t h a t when the stomach was abnormally 

d i l a t e d the c o n s t r i c t i o n occurred a t a lower n o i n t than the 

c e n t - ^ of t h e s tomach. This i s i l l u s t r a t e d in f i g u r e 6e, 

for example . The t h i n - w ? l l e d iinne^ n a r t of the ^toraach p r o ­

v ide s ie«*q r e s i s t a n c e t o d i s t e n t i o n , t h * t i s has W P a k e r t on« , 

^nd d i l a t e - no-"* r e a d i i v t he reby re t^ iMnr r thp l a r g e r mass of 

t he r e t a i n e d Trrte-ri*n. If* th^ to^us i s lower than normal, 

t h i - d i l a t a t i o n of t h e upper na^t i s more ^ r V ^ . F o n ^ n ? 

the a d m i n i s t r a t i o n of the l a ^ « volume of barium suspens ion , 

t h e stomach normal ly became dis tended ( f i ^ r e l ^ h ) , but as q 
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r e s u l t of t h e i n c r e a s e d f>mi^ th« stomach con t rac ted in volume 

w i t h i n twenty m i n u t e s . 

In the s^c^i i n t o ^ t i n e t ho barium ^ s normally in « n o T 1 . 

t i nuous s t r eam wi t h i n a long loop of segment of the bo^e l 

( f i g u r e s 7 a ) c , f , g ? and 6g). Rhythmic s^^mentption* ( r . s . in 

the f i g u r e s ) were seen f l u o r e s c o n i c a l l v , n n l s a t i n g a t the r a t e 

of app rox ima te ly kO a m i n u t e . The food n o t o r i a l w*o to^-ed 

r a p i d l v t o end f ro b^twp^n ad jacen t ^egm^ntin/cr c o n s t r i c t i o n ^ . 

There T"rPO c o n s i d e r a b l e v a r i a b i l i t y in t h e s t r ° n ^ t h of t he se 

c o n t r a c t i o n s from t ime to time in the s*me r a t , but thev 

occur red a lmos t con t inuous ly in the norms 1 r a t in one s ex t en t 

or a n o t h e r and o f t en t h r o u g h o u t . Very s t rong c o n t r a c t i o n s 

wope observed fo r r a t 396 a t the t h r e e hour X-ray (7d) whereas 

a more q u i e s c e n t s t a g e was nicked up by X-rav a t one-hour 

( f i g u r e 7c) . The more usua l appearance of t he se segmenting 

c o n t r a c t i o n s can be noted in f i g u r e s 7 f ,10g , and h *• Occasional 

p e r i s t a l t i c waves were noted which may be seen in t he X-ray 

as l o n g e r c o n s t r i c t i o n s ( f ig i i res 7 and 6, des igna ted as p) , 

and o c c a s i o n a l l y by t h i n n i n g of the barium shadow caused by 

the r a p i d sp r ead ing of the barium over t h* muoou* membrane 

( f i g u r e 7 a ) . 

In the colon sm^li sha l low waves w*re noted t r a v e r s i n g 

t h e s u r f a c e (fiffur* d i , J ) , »« v ^ l l a - deeper and. - i ^ r c o n t r ­

a c t i o n - (7e des igna t ed as P . ) In the d i s t a l colon th* barium 

c o n t a i n i n g f e c a l m a t e r i a l became sena ra t -d i n t o i n d i v i d u a l 

masses d i s t e n d i n g th* colon lumen ( 7 b , * , »nd U i J ) . Thi* 
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breaking up of the column of fec*l mater ia l occurred much 

higher up , even in the proximal colon, than occur* normally 

in o ther spec ies such as man and dogs# 

Controls on Diet A: Before discuss ing the effect of 

potassium def ic iency upon the m o t i l i t y of the d iges t ive t r a c t 

the inf luence of the con t ro l synthe t ic d ie t A w i l l be con­

s ide r ed . After r a t s were fed d i e t A ad l ib i tum for two month* 

very s l i g h t abnormal i t ies developed in the small i n t e s t i n a l 

p a t t e r n , but these did not inf luence s i gn i f i c an t l y t.he r a t e 

a t which barium was evacuated from the stomach or the r a t e 

e x c r e t i o n . As discussed l a t e r the fac tors of handling and 

the var ious experimental procedure* mav influ°nce mot iTi tv . 

In force-feed insr experiments l a s t i ng -from 9 to ? 9 d«vq, there 

was a tend en ov for the column of b?rium t o be separated in to 

i nd iv idua l masses in the small i n t e s t i n e °nd a s l i g h t delay 

in g a s t r i c emptying time occurred, but the r a t e of excret ion 

of barium in th° feces was not much l es* than normal. The 

changes noted in both case* w*re verv s l i g h t in compari*on 

with and differed from those observed in nnt»*«iim def ic iency . 

I t may be mentioned h<?re,th"t the breaking u^on of the 

normally continuous column of barium into separate ma**e* 

or clumps which may be of d i f f e r e n t length or s i z e , ha* been 

termed ''abnormal segmentation of barium" bv the r a d i o l o g i s t * . 

Barium i s p resen t in a small segment of bowel and separated 

from t h - n e r t small mass of barium bv empty b o - ^ . The l e r g t h 

of the s o - c a l l e d segmented b-riur , masse* i . e . divided b*rium, 

v a r i e s according to t h - condi t ion of the - a t . 



132 

Upon i n s p e c t i o n of so^e a n i m a l - f p o t ^ s i n m - d e f i c i e n t or 

abnormal d i*ca rded animals) i t we . found tha t > when t h i s Abnormal 

segmenta t ion of barium" was marked t he ma**es were hardened 

in t he i n t e s t i n e by t h e ab*o rp t ion of w*ter and the l e n g t h 

of i n t e s t i n e b e t ^ e e n masses wa* con t rac ted somewhat and empty 

of content**. I t must be emnhasizp^ t h e r e f o r e t h a t in the 

fu tu r e page* we ^ i l i be t a l k i n g of "abnormal segmentat ion of 

bar ium" and a l ^ n of rhy thmica l segmenta t ion*, t . * . the 

r h y t h m i c a l movements d°*o-rib°d by p h y s i o l e r r i s t s . 

I n f i g u r e 7 h , i . t ] X-rays for the c o n t i s fed d i e t A ad 

l i b i t u m a r e shown f o r r a t s 101 and 10? mainta ined on t h i * 

regime for t w o month*. The small i n t e s t i n e wac. w i t h i n n^r^^l 

behav iour i n Hi01 , but evidence of *15g^t ' 'abnormal segmentat ion 

of bar ium" was seen in r a t 10? . The t r a n s i t through the gut 

™as normal i n both animal* ( the f i v e hour X-^ay of 103 was 

very s i m i l a r to t h a t of 101) \ A very " l i g h t t r a c e remained 

i n t h e upper p a r t of t h e stomach of r Q t 101 a t the end of f i v e 

hour* , n robab iy due t o adherence of t r a c e s of barium on the 

mucosa. This i s no t enough t o c l a s s i f y the g a s t r i c evacua t ion 

as p r o l o n g e d . But i t does suggest the p o s s i b i l i t y t h a t mucus 

s e c r e t i o n of t h i s p a r t of t h e stomach may be a f f e c t e d by t h e 

t r e a t m e n t or h a n d l i n g , not only i n the case of t h i s a n i m a l , 

but in o t h e r an imals i n which t r a c e s of barium remain loner 

a f t e r t h e r e s t has been evacua ted . The adherence of t r a c e s 

of bar ium to t h e w a l l s was confirmed in s e v e r a l animal* by 

i n s p e c t i n g the -torn*oh d i r e c t ! v . 
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X-rays fo r two f o r c e - f e d d i e t A r a t s a r e ^ iven in f i g u r e 

6a t o d, r a t 397 r e p r e s e n t i n g the average behaviour of t h* 

gut of t h i s group fed d i e t A, and r * t J^6 *ho^ino- the most 

extreme changes p roduced . In the l a t t e r animal f e e i n g Dii rin° 

did no t have ^ch e f f e c t in r e s t o r i n g m o t i l i t y toward* normal 

a* i t did i n most animal o} qo that, QnmR o o p n n ^ r y f a c t o r 

probably c o n t r i b u t e d to the evmntoms Produced duT-inr* f o r c e -

f e e d i n ^ . (Th* e f f e c t of r e s t o r i n g animal^ to nu^ina fol lowing 

t h e s y n t h e t i c d i e t a r y regime wi l l be d i scussed with da t a on 

p o t a s s i u m - d e f i c i e n c v ) . in the fo r ce - f ed con t ro l* from a t r a c e 

to approx imate ly twenty p e r c e n t of t h* ha-nin™ ™*Q ret,ni-ned in 

t h e stomach a t t h e end of f i v e hou r s , whereas normally the 

stomach i s c l e a r e d by t h i s t i m e . Barium, was p r e s e n t in the 

cecum i n two h o u r s , and from one t h i r d of t he barium to normal 

amounts of one h a l f or more were exc re t ed in f ive h o u r s . Thu* 

the t r a n s i t was only s l i g h t l y pro longed . The t^ne of t h e 

stomach wa* o f t e n reduced which r e s u l t e d in sr reater or more 

prolonged d i l a t a t i o n of t h i s o r ^ n a f t e r the barium was admin­

i s t e r e d ( f i e u r e 6c). The main a b n o r m a l i t i e * were in the small 

i n t e s t i n e in which'1 abnormal segmentation4 ' sometimes occur red 

( f i g u r e 6c but no t 6a) and o t h e r i r r e ^ u i ^ r i t i * * of p a t t e r n 

no t d i a g n o s e d . The wispy o u t l i n e s of bowel nn ted in *™ e 

f o r c e - f e d animals i n d i c a t e d t h e Presence of ^ P amounts of 

^as in bowel c o n s t r i c t e d more than normal ly , which, *dd*d to 

the f i n d i n g of abnormal s e s ^ e n t a t i o n in some r a t s ^ u ^ e * t e d 

i r r e g u l a r i t y ir> t o n u s . The changes in the l a r g e i n t e s t i n e 

were no t a n n r e c i a b l e . 
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Sham force-fed rats: The changes in **«trninte«tin«l motility 

produced in force-fed rats w* P e not due to the actual tubing 

and probably not to sudden gastric distension with fluid since 

experiments in which these factors were tested showed that the 

motility of the gut was normal in behaviour. In rat ^56 the 

tube was passed down into the stomach bidaiiy without intro­

ducing anvthing, and in "̂ 53 water was introduced by stomach 

tube bidaiiy. From fibres (3g,h,i) for rat 35^, and fimires 

(7g,fH) for rat 353, it can be observed that the tran*it of 

barium through the gut and the small intestinal pattern were 

normal for both groups. 

Diet E: It was possible that the small changes produced 

by force-feeding may have been due to the diet A fed. There­

fore, a different diet (E) was administered for l6 days. The 

changes produced bv this diet were much more marked, and were 

within the ranp-e produced in force-fed animals in mild 

potassium deficiency (figure $e,f). The tran*it of barium 

from the stomach and through the gut was prolonged. Approx­

imately one nuarter to one third of the barium was in the 

stomach at 5 hours and gastric evacuation was 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 approximately half had 

been excreted bv nine to eleven hours. The effects appeared 

to be due in considerable part to spasm of the pyloric 
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sphincter. Most of the barium meal was retained for more than 

an hour in the dilated stomach. However, the barium reaching 

the small intestine appeared to move slowly also. The pattern 

of the small intestine was abnormal. »Abnormal segmentation 

of barium" was noted, and in some X-rays irregularities in the 

tone occurred, but dilatation was not a prominent feature, it 

seems improbable that these changes were due to vitamin 
, _. . . extract equivalent to; 

deficiency m view of the fact tha^TCfive-grams ofoveast 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 digestive tract, especially since 

the fat of diet E is mainly in the form of animal butter fat, 

while that of diet A is mainly in the form of vegetable oils. 

It is well known that fats delay gastric evacuation time. With 

the force-feeding of animals the distension produced in the 

stomach bidailv mipht have a chronic effect on the tone of 

the stomach and on the pyloric sphincter, which could be 

detected with the barium suspension in the abc.enCo of food. 

In addition, the osmotic nressure of diet E was greater than 

that of diet A. since it contained sucrose and lactose, rather 

than dextrin and sucrose. Substances with hie-h osmotic con­

centration delay jTPQtnc evacuation, but whether the difference 

between diet A and E w** physiologically significant i* one 

urdetermined point. 
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To summarise^ the normal animal maintained on purina 

exhibits the following characteristics in barium tests prior 

to experimental use: (a) complete gastric evacuation in 3 to 

o" hours, (h) continuity of the barium fluid column in the 

small bowel and regularity tonus, (c) excretion O-P sr>, estimated 

half or so of the b^ri^m in 5 hours. The rats f*d Diet A 

ad libitum showed slight changes in intestinal pattern. Those 

force-fed this diet showed somewhat more changes in the small 

intestine and slight prolongation of gastric evacuation time. 
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(c) Gastrointestinal X-ray studies on potassium deficiency 

in force-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 

tins after the potassium depleting regime was initiated. It 

was not possible to trace the development of changes in a 

feingle 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 changes - in rats two to four days prior to cessation of 

defecation, (b) Moderate changes - in rats examined about the 

time which defecation 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) Extreme severe changes - in rats examined 

about three days after defecation had ceased when abdominal 

diatension was extreme 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 DGA-treated and non-

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

will not therefore he grouped separately. 
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In d i s c u s s i n g t h e q p n u ^ . e of event* l e ad ing to severe 

g a s t r o i n t e s t i n a l dys func t ion the da ta considered has been 

t h a t p r e s e n t e d i n f i g u r e s 9 and 10, as we l l *<* t h a t obta ined 

in X-ray* n o t inc luded becau*e of t h e bu lk of the m a t e r i a ] , 

and t h a t ob ta ined from d e t a i l e d f l u o r e s c o p i c n o t e s . The 

X-rays i n f i g u r e s 9 and 10 w i l l be cons idered in more d e t a i l 

fo l lowing the d i s c u s s i o n , i n r e l a t i o n the improvement produced 

by a c u t e or ch ron ic a d m i n i s t r a t i o n of po tass ium. 

Ea r ly changes : The X-ray examinat ion of four r a t s p r i o r 

t o t he d e t e c t i o n of c l i n i c a l symptoms showed t h a t only s l i g h t 

changes o c c u r r e d ^ i n comparison t*3 the c o n t r o l s force- fed d i e t 

iy, i n the f i r s t f i v e to * ix davs of d e f i c i e n c y in th*se 

f o r c e - f e d r a t s . Three of t he animals did not d i f f e r a p p r e c i a b l y 

from the f o r c e - f e d c o n t r o l s of f i g u r e 6a to d except t h a t 

"abnormal segmenta t ion of barium" in t he small i n t e s t i n e was 

more e v i d e n t . The changes were more ev iden t in r a t 35k 

( f i g u r e s 1 0 a , b ) . The c h i e f a b n o r m a l i t i e s which occurred in 

t h i s animal were s l i g h t l y prolonged e;a*trio evacua t ion t i m e , 

^abnormal segmenta t ion of barium"'in the smal l i n t e s t i n e but 

l i t t l e or no ev idence of d i s t e n s i o n , and s l i g h t l y prolonged 

t r a n s i t of ba r ium. Since a few days l a t e r r a t 15k ( f i g u r e 10c) 

and one of t he o t h e r s ( f i g u r e 6b) developed severe changes, t he 

g a s t r o i n t e s t i n a l d i s t u r b a n c e s a r e t h e r e f o r e sudden in onse t 

r a t h e r than g r a d u a l . 

Moderate changes : About the t ime d e f e c a t i o n c e a ^ d t h e 

ch ie f changes ob*erved were in the stomach and t h e r a t Q of 
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t r a n s i t of bar ium through t h e whole t r a c t . Animal 355 ( f i g ­

ure 9 j ; see 9 r , a l s o ) i l l u s t r a t e s changes ob*erved a t t h i s 

t i m e . The stomach was markedly hypotonic and spasm of t h e 

py lo rus p robab lv o c c u r r e d . The tone of t h e smal l i n t e s t i n e 

was not a p p r e c i a b l y reduced , but a b n o r m a l i t i e s in the n a t t e r n 

of the smal l i n t e s t i n a l contours were not«d m Ev iden t ly t he 

whole t r a c t was markedly hvnomot i le , because barium remained 

in s t a s i s f o r many h o u r s , up to the l ? t h hours , d e s p i t ° the 

e a r l y d i s t r i b u t i o n of t h e barium evacuated from the stomach 

th roughout the smal l and l a r g e i n t e s t i n e . 

Severe change?; (F igure 9 a . b , c , g , i , 1 0 c ) . In t h e s e qniin?l? 

the d i l a t a t i o n of t he stomach in t he f i r s t one or two hours 

was not more marked t han occurred i n the animal« a t the t ime 

of c e s s a t i o n of d e f e c a t i o n , but i t p e r s i * t e d l o n g e r . The chief 

d i f f e r e n c e between the o b s e r v a t i o n s in these animals e x h i b i t i n g 

c l i n i c a l d i s t e n s i o n and those p r i o r to t h i s s t a g e was i n the 

d i l a t a t i o n of the small and l a r g e i n t e s t i n e and t h e weakne** 

of the rhy thmic segmenta t ion* . Fo j^ tp to e i g h t t o t - e l v e 

hour* mo*t of t h e barium - a s r e t a i n e d in the d i l a t e d stomach 

and t h e r e s t was a f e - d i l a t e d loops of small i n t e * t i n e , i n 

continuous, column* r a t h e r than segmented. Thi* wa* t y p i c a l 

of change* which occurred i n t h e - »n* more s e v e r e l y a f f e c t e d 

an ima l* . In t h e ^roup examined about t - o d?y* a f t e r d e f e c a t i o n 

c e a s e d , b - r i u m remained i n s t a s i * u n t i l t h e t - n t h to twe l f th 

hour and u s u a l l y did not r^ach the cecum u n t i l a f t e r t h i s t i m e . 

V a r i a b l e amounts of gas and f l u i d were p r e s e n t . The d i s t e n s i o n 



140 

by gas of the gut tended to increase during the X-ray exam­

ination. Usually no barium was excreted in twenty-four hours 

and gastric 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 enlarged cecum which was 

characteristic of severe changes in the force-^ed rats (figure 

9a). 

Extremely severe changes: Unfortunately no X-rays are 

available to demonstrate the severest effect such as. occurred 

in the rat illustrated in figure 6b. However, detailed fluores-

copic notes were made on other animal* exhibiting *imilar 

abdominal distension. In three rats fed diet B for *even dav? 

and injected with k mg of DCA, an examination of the enamel 

by X-ray prior to the barium administration showed the accum­

ulation of a large amount of fluid (partly unabsorbed -rood) 

and gas in the stomach and intestines, and demonstrated the 

marked «bdominal distension. Great dilation of the stomach w*<* 

seen after the barium meal in all examinations during the first 

9 to 12 hours. The gastric contents were mixed with gas in 

larffe amounts. The gastric distension at five hours was as 

great or greater than that at one hour in figure 9i, and per­

sisted almost unchanged until the tenth hour at least. Probably 

not as much a^ fifty percent of the b ^ i ^ w-s eliminated from 

the stomach at this time *nd no barium had approached the cecum. 

Thus the barium remained in stasis from the fifth to tenth or 

twelfth hour in a much enlarged stomach and a few coils of 
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small i n t e s t i n e c o n t a i n ! . * l a r s e amounts of gas . At twenty-

four hours c h a n t s wer* more severe th*n i s observed in f igure 

9a. About one th i rd of t he h»rium ««<, r e t a r d in t V stomach. 

The changes in the stomach m«v be elaborated m>on. Once 

"moderate" d i s turbances i n the m o t i l i t v of the ^ t r n i n t e s t i n a l 

t r a c t were de t ec t ed , about the time defecat ion ceased, the 

tone of the stomach was * r e a t l v reduced. In add i t ion , the 

prolonged r e t e n t i o n o* f lu id and barium in the stomach, not 

onlv in the force-fed Tats but in depleted r a t s fed sd l ib i tum, 

may have been due to spasm of the py lor ic sT>hinct«r. Thus 

in f igures 9b and c, i t i s evident t ha t some i n c a s e in g a s t r i c 

tonus has occurred from the reduced s i^e of t h i s orsan when 

not much barium had been evacuated, but t h i s increase in tonus 

has been able to evacuate but l i t t l e barium and fluid from the 

stomach. Normally in man and animals f lu id i s r ead i iv e l imin­

ated from the stomach with onlv weak p e r i s t a l t i c contract ion* 

(1^8) . As seen from the normal r a t s of fismre 7 and 6 «nd loh. 

when barium i s administered as an aoueous suspension i t i s 

r ap id ly eliminated, from the stomach without s trong p e r i s t a l t i c 

movements. 

Potassium def ic iency and acute therany with potassium; 

A t y n i c a l example of the e f fec t of severe potassium 

def ic iency in a force-fed r a t and the s t imula tory e f fec t of 

notassium is shown by r a t 3^7• ( f igure 9a to f ) . In t h i s 

animal the c l i n i c a l svmptoms as discussed for the category 
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"severe changes" . Twenty-four hours a f t e r the f i r s t barium 

meal ( f i g u r e Qa) no e x c r e t i o n had o c c u r r e d . The stomach was 

d i s t ended w i t h gas and conta ined bar ium. Most of t he barium 

was r e t a i n e d in the d i s t e n d e d cecum and i l eum, which was f l a c c i d . 

F a i n t con tours of the colon show t h i s segment t o be d i l a t e d . A 

second dose of barium was then g i v e n . Th<* h a l f - h o u r and fou r -

hour X-rays show t h a t l i t t l e movement of t he old barium ha* 

occurred and t h a t the new barium mainly i n the stomach. 

By four hours about one Quar te r had been r e l e a s e d i n t o t h e 

unner loops of smal l bowel which, though d i l a t e d , showed some 

f e e b l e segmenting c o n t r a c t i o n s . At four hours 3 men of 

po tass ium was i n j e c t e d subcu t^neous ly . From f l u o r e s c o p i c 

examinat ion l i t t l e change occurred for more than one houry , but 

by the er\r^ of two hours a c t i v e rhythmic segmenting, c o n t r a c t i o n s 

were observed c o n t i n u a l l y p u l s a t i n g and a c t i v e p e r i s t a M s was 

noted ( f i g u r e 9a) . As shown from the s i x hour X-ray taken a t 

t h i s t ime , the cecum had s h i f t e d completely from one s idP of 

the abdomen to t he o t h e r : i t wa* s m a l l e r and i t s contours 

changed. The cecum cont inued to show t h i s m o b i l i t y , s h i f t i n g 

back and f o r t h from s ide t o s ide a t l e a s t every couple of h o u r s , 

and much of the old barium was soon r e l ea sed from the i leum 

i n t o the cecum. C o n t r a c t i o n s increased in v igour in the smal l 

bowel and a l though d i s t e n s i o n was s t i l l n r e s e n t , i t was much 

r educed . Barium was exc re t ed between the t w e l f t h and f o u r t e e n t h 

hour ( e i g h t to t en hours a f t e r po tass ium a d m i n i s t r a t i o n ) in t he 

form of d i a r r h e a . The movements of t h e gut * r e v^ l l - shown in 
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f igure 9e . As seen from the twenty-four hour X-ray taken the 

following morning ( f igure 9f) most of the t o t a l amount of barium 

had been excre ted , a l though some gas ^ 3 s t i l l present in the 

t r a c t and a t r a c e of barium was in the stomach. This compares 

favourably with the barium excre t ion in a day by normal r a t s . 

Thus an animal which had not e^or^ted anything for near ly foun 

days cleared the a l imentary canal almost e n t i r e l y of two barium 

meals and a large amount of f l u i d , feca l matter and gas wi th in 

20 hours a f t e r the admin is t ra t ion of notassium. Similar r e l i e f 

of g a s t r o i n t e s t i n a l hvnotonici tv and hypomoti l i t^ w^s obtained 

shor t ly a f t e r notassium adminis t ra t ion in r a t ^S>3, in which 

the def ic iency symptoms were comnarable t o those of r a t 3^7. 

The one hour X-ray only i s given (f igure 9 i ) . Several hours 

n r io r to th^ t e s t the potassium concentrat ion was P.4-5 men r,er 

l i t r e . A t o t a l of 5 men of no t a^ ium was administered during 

t ha t day. The following morning the serum notassium concen­

t r a t i o n was 5.61 men per l i t r e . The g a s t r o i n t e s t i n a l clearance 

of barium was more complete than for r a t 3^7- £ q t 390 was in 

poor condi t ion a f t e r 7 days of potassium deficiency (Diet B 

and DCA) although the abdominal d i s t ens ion was not more marked 

than for the above r a t s . A* in a l l of the*e animals, near ly 

a l l the barium was re t a ined in the stomach bv the end of f iv* 

hours ( f igur - 0?) . Ten re of hypertonic potassium chlor ide 

(310 men/lit-ne) WPS admi n i*t«r-d subont-neou-w a f t e r the 

f i V p-ho U r X-rov. T".e ^ u i ^ e f f - ^ t of nota*sium t h ^ o ^ in. 

i n i t i a t i n g rhvthmio spgm-ntation was - e a s i l y * - n - i t h i n a. 

half hour. 
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The s i x - h o u r X-rajr ( f i g u r e Qh) sho-^ the *egm^nting 

movement* and p e r i s t a l * ! * . Barium had nassed down, t he *maii 

i n t e s t i n e n o t i c e a b l y in an hour , whereno the barium had hepn 

in s t a s i s p r i o r t o t h i s . This ^nimal died a f^ bou-^o i ^ t ^ r . 

Death WPS in p a r t due to the <=>ffent* on the lung of h y p e r t o n i c 

potass ium s o l u t i o n given t o a n animal in poor c o n d i t i o n . Upon 

auton*""* i t WPS cjppu t h a t n°rium had -nqcQ f̂l flown onlv a few 

inches of t h e small i n t e s t i n e a t WM ch noin t a c o n s t r i c t i o n in 

the w a l l of the gut was n o t e d . In l a t e r experiment* i s o t o n i c 

note*sium c h l o r i d e s o l u t i o n WPS adminis te red r a t h e r than the 

h y p e r t o n i c s o l u t i o n . 

In rat ^k the parly symptom* °re contrasted with the 

aflv°nced chPnges nroduced t h r e e *n* one ha l f davs l a t e r . The 

e a r l i e r X-rays ( f i g u r e lOa^b) show t h ° t a few fece^ were 

exc re t ed a t f i v e hou^s . Most of t h e barium had ^ ^ h ^ the 

cecum, and about a nUo r t .or was in the stomach. At no t ime did 

the barium contours i n d i c a t e t h a t t he stomach WPS p ^ p r ^ o i e b l ^ 

more en la rged than normal fo rce- fed c o n t r o l s * *Abnormal s eg ­

men ta t ion of b a r i u i r A n t he small bowel was n u i t e marked ( f i g u r e 

1 0 a ) , b u t movements were n u i t e a c t i v e . There was some d i l a t a t i o n -

of the proximal colon and p o s s i b l y of the cecum. Three-end 

one -ha l f days l a t e r d i s t e n s i o n of t he abdomen suddenly deve loped . 

Gas WPS p r e s e n t in the *tomach and i n t e s t i n e -ud t h e r e f o r e the 

n u a n t i t y of barium r e t a i n e d in t he stomach WPS masked and could 

not be ps t i r rBted . The r e s t of the barium p t the end of s i x 

h 0 U r s W P S in a COUple of flaccid â fl dilated 1 00 PS Of S m ^ l 
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intestine (figure 10c). A tote] of 2.? men of potassium 

was injected. Between the 13th aud igth hour after barium 

most of this *nbsteuce had been pxcreted from the gut in the 

form of diarrhee . Contractions in the ileum, cecum and colon 

were seen to be verv vigorous. The twenty-four hour X-rav 

(figure 10d) sho^* practically no barium remained in the gut 

which is an improvement over the normal. This animal waq 

thenceforth maintained ad libitum on diet A for a month and 

a half. 

Potassium deficiency and relief of effects with a normal 
- - - ._ .. I I I I I ..J • II II I I _ _l . .1 I • I I LI I I 111 I 1 I I I I 

d i e t : The "moderate11 degree of deficiency?- changes occurred 

in r a t 355 which was force-fed d i e t B but was given no DCA 

(f igure 9 j ) . (For cont ro l X-rays on d ie t A compare f igure 85b). 

The i n i t i a l g a s t r i c d i l a t p t i o n and r e t en t ion of barium a t one 

hour was as marked as fo r ra t 3$? (f igure Qi) , but the subsequent 

X-rays showed t h a t the re was not apprpciable i n t e s t i n a l d i l a t i o n 

in r a t 355 u n t i l about the twelth hours, whenaa* in the other 

animals of f igures 9 t h i s wa* a prominent f e a t u r e . At l e a s t 

one half to two t h i r d s of the barium was s t i l l in the stomach 

a t s ix hours . The r e s t of the barium was dispersed though the 

gut and one feces was excre ted . Segmenting movement* were 

f a i r l y a c t i v e . I r r e g u l a r i t i e s in contour in the i n t e s t i n e may 

be due to small gas accumulations and/or i r r e g u l a r i t i e * in tone . 

The s ix-hour X-ray might i nd i ca t e t ha t only the ga* t r i c changes 

were very marked. Ho-ever, the barium remained in almost * t a s i s 

u n t i l the twel f th hour a t l ea* t , s l i g h t d i l a t a t i o n developed 

in the small bowel, and no fu r the r feces were e -c re t ed . 
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Movements were weaker. This demonstrates the hypomotility 

which occurred throughout the tract, and points to the necessity 

for repeated examination to follow barium transit. 

This animal was force-fed diet A, that is>a normal nota**ium 

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 tQst (three d*v* on diet B con­

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

amount of potassium. The improvement in motility after three 

days is evident from the six-hour X-^ay (figure lOf), e*pecially 

since symptoms progressed during the continued feeding of diet 

B after the test (above) . In six hours, one quarter to one 

third of the barium was excreted and less than one ou°rt^r 

was in the stomach. Movements in th« *mail and large bowel 

were active. Abnormalitie* which persisted after this *hort 

treatment of three days were in the *maH. inte*tine mainly. 

More of the b°rium anpearQd to be retained there than normally. 

However it is difficult to make out with certainty which loon* 

were colon and which small bowel. 

Rot 394 showed similar deficiency changes to 35^r was 

treated with l.£> me^ of potassium bv injection and then restored 

to the control diet A fed by stomach tube for j4 days. It can 

be seen that gastric evacuation of barium was almost normal at 

five hours (figure 10). Several feces has been excreted, 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 was 

present in the colon ready for excretion. By the tenth hour 

only a quarter or s0 remained in the large intestine. The 

rest of the alimentary canal was completely cleared. 

For rat ~*>63 restored to diet A for two weeks, the one 

hour X-ray (figure lOg) may be contrasted with that obtained 

during deficiency (figure 9i). This shows the great improve­

ment in gastric evacuation and motility of the small bowel. 

Gastric peristalsis appeared to be active but the tone of this 

organ was not normal. Approximately one quarter was retained 

at the end of five hours, but only very slight traces were 

present by seven to nine hours (figure lOi). The small inte*tine 

was completely normal (figure lOg^b) as *hown bv the active 

rhythmic *egmentations and peristalsi* and the continuity of 

the b0.rium column in loons of bowel of normal tone. Secretion 

rate was prolonged. This Rx)v>e^re^ to be due mainly to deiav 

in the cecum to rectum es can be seen in figure lOh. By nine 

hours about one h°if to two thirds nf the barium was excreted 

and the rest was in the large intestine. 

Fr^m ^hp d^tp nf these ^r\r^ other rats relieved of "potassium 

deficiency by force-feeding diet A, it was concluded that very 

marked improvement occurred within a few davs in tone and 

movements nf> the stomach ^nr^ small intestine, *nd in the 
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e v a c u a t i o n r a t e of t h e h p r i u m , but t h a t r e c o v e r y t o t h e normal 

m o t i l i t y o b s e r v e d i n f o r c e - f e d r a t * ( f i g u r e fo t o d) n r i o r t o 

d e f i c i e n c y could n o t be o b t a i n e d w h i l e t h e d i e t WPS f o r c e - f e d . 

The t r a n * i t t i m e was p r o l o n g e d , and g a s t r i c e v a c u a t i o n t i m e 

was s l o w e r . C o n t r a c t i o n s i n t he smal l i n t e s t i n e were a c t i v e , 

bu t s e g m e n t a t i o n of t h e b a r i u m i n t he smpi.i i n t e s t i n e was more 

marked, and t o n e was o f t e n n o t normal o r WPS u n e v e n . I m p r o v e -

ment , a l m o s t t o n o r m a l , u s u a l l y occu r r ed when t h e d i e t A ™*s 

fed ad l i h i t u m a s d i s c u s s e d be low. 

The improvement in t h e g a s t r o i n t e s t i n a l t r a c t f o l l o w i n g 

p o t a s s i u m d e f i c i e n c y was much g r e a t e r when the a n i m a l s were 
"when 

a l l o w e d d i e t A ad l i b i t u m , than * t h e y were when fo rce- fe f l d i e t 

A. T h i s i s shown f o r r a t 35^ ( f i g u r e lOe) s i x weeks a f t e r t h e 

t e r m i n a t i o n of p o t a s s i u m d e f i c i e n c y reg ime ( f i g u r e 1.0c) . Only 

s l i g h t a b n o r m a l i t i e s p e r s i s t e d i n t h e g a s t r o i n t e s t i n a l t r a c t 

of t h i s a n i m a l , a l t h o u g h i n o t h e r a n i m a l s r e c o v e r y was no t a s 

c o m p l e t e . I n t h e c a s e of r a t "^U t h e s p c o n s i s t e d m a i n l y of a 

d e l a y e d g a s t r i c e v a c u a t i o n t ime ( f i g u r e lOe) so t h a t a b o u t t e n 

p e r c e n t of t h e b a r i u m was r e t a i n e d a t f i v e h o u r s , s l i g h t h.vpo-

m o t i l i t y of t h e s t o m a c h , and s l i g h t i r r e g u l a r i t y i n t h e s m a l l 

i n t e s t i n a l p a t t e r n . In most a n i m a l s "abnormal s e g m e n t a t i o n of 

barium*1 o c c u r r e d w i t h v a r i a b l e s e v e r i t y from an imal t o a n i m a l , 

l a r g e r amounts of ba r ium were found in t h e *mall i n t e s t i n e a t 

t h e end of f i v e h o u ^ s , and o f t e n t h e b a r i u m e x c r e t i o n was 

s u b n o r m a l . 
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When rat 35*+ was placed on purina diet for two weeks 

the transit of barium was normal, although certain features 

of the small intestinal pattern differed from the pre-experi 

mental controls of figure 7. This will be di*cu*sed with 

rats fed ad libitum. The stomach was normal in rat 35*+ and 

approximately normal in the other animals treated similarly. 
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(d) Gastrointestinal X-ray studie* on potassium deficiency 

in rats allowed food pd libitum. 

The development of nota*sium effects: In rats fed ad 

libitum it was more difficult to trace the sequence in which 

changes occurred in gastrointestinal motility than it was in 

force-fed rats. For, as shown by X-ray studies, the rate at 

which gastrointestinal dysfunction developed varied considerable 

from animal to animal, the organ or organs of the digestive 

tract first affected or most severely affected varied from 

animal to animal, and the changes produced in the small intes­

tines were extremely complex. However, in all the animals 

observed changes of one type or another occurred in the small 

intestine. Usually decreased tone and motility of the stomach 

was associated with this, but in a considereble proportion of 

animals the stomach motility was not affected until intestinal 

disturbances were moderately advanced. One animal showed 

typical severe intestinal changes after 99 days on potassium 

deficient diet, but the stomach was completely evacuated of 

barium in 6 hours. In several animals the changes in the 

cecum were advanced far beyond the abnormalities in stomach 

and intestine. It was necessary to consider the response of 

the whole tract over a period of at least IP hours once the 

*vmntoms were moderately advanced. For, in several cases, 

the five hour X-ray presented a completely different apnear-

ance to that in subsequent X-ray* at 10 to ik hours. Certain 

of these X-ravs 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 cecum and colon. 

From repeated examination of the twenty-eight rats used 

in ad libitum experiments, it has been possible to classify 

the data in the order in which symptoms developed in the 

majority 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 delay in transit of barium through the alimentary 

canal. The development of abnormalities is illustrated in 

figure 11. The X-rays are arranged according to the estimated 

severity of changes as judged from the gastrointestinal 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 abnormal segmentation of the barium 

column in the small bowel occurred and then tone decreased. 
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The transit of barium through the digestive 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 

I36 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 ascertained as yet. It 

occurred in the majority of the animal* 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 large intestine in five hours. 

In rat 131, the changes in the small intestine are indic­

ative of hypomotility but not hypotonicity. The contours 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 greater 

than normal both at three hours (figure b) end at five hours. 
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In rat 107, which was maintained on diet B for 9? days, 

and given DCA (2 mg per day) during the last 11 days, definite 

changes in the small intestine were present. ^Abnormal seg­

mentation of barium11 occurred but the tone was not appreciably 

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 was observed to be 

completely inverted. This was not related to the severity of 

the changes. This change is indicated in the five-hour X-ray 

of figure c, but was observed more clearly at three hours. 

Gradually the tone decreased and the barium, still 

abnormally segmented, was seen to fill sausage-shaped loops 

of intestine. The appearance was similar-to that of figure c, 
1, 

except that the loops were more dilated. These were regarded 

as a transition between the early changes and the later changes 

described in group (b). 

(b) Following the above changes, the tone of the small intes­

tine gradually became greatly reduced in nearly all the animals. 

In addition the motility progressively decreased. As a result 

the barium remained in stasis for some time, the duration of 

stasis being a measure of the deficiency effects. In most 

animals the stomach was greatly reduced in tone and there was 

evidence of pylorospasm, as discussed in the force-fed rats. 

The distension of this organ and the small amounts released 

in the first one to three hours was often comparable 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 136 (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 136 

(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 animal* 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 present 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 

hour^, but in which several feces were excreted between the 

eight and twelfth hour. An example of this is rat 117, 

treated with DCA (figure d) . This particular animal showed 

no gastric retention at six hours. Definite dilatation of 

the small bowel can be noted, but some rhythmic segmentationte 
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are detectible. Several feces were excreted before nine 

hours and only about one quarter to one third 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, and in ̂ ich barium 

reached the cecum in twelve hours, in this group no barium 

was excreted until after twelve hours, and a large proportion 

of the barium was retained in the gantrointestinal tract at 

the end of twentv-four hours. These are illustrated by rat 

13^ (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 e^i*ted 

in stasis in the stomach and upper part of the bowel for 

many hours, up to more than Ik hours in some, in which no 

barium entered the cecum until after 12 to lk hours, and in 

which little or no barium was excreted at the end of twenty-

four hours. In 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 llh,i,j,k,l,m 

and 12a. The small intestine in many of these animals pre­

sented what might be termed an ^unwound* appearance (re.t 11* 

figure 111) which was the most characteristic appearance of 

the severest stage produced by potassium depletion for the 
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duration of these experiments. No movements at all were 

detected fluorescopically. it seemed as if the barium WPS 

consolidated in these loons. All parts of the small and 

large intestine of this rat 11* were distended at 2k hours 

(figure j) . No feces were excreted. In another animal studied 

in parallel with ll^feces were excreted for 72 hours after 

barium administration. The gastric symptoms of rat 11* 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 l,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 eight rats the cecum was greatly distended with 

gas. Once the barium entered this orgen, 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 (figure 

lln). 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 

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

or B) than in the others fed diet B *lone. 
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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 estimates 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 kl days, ^1 days and 62 days., 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 maintained 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 acts 
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in some other way in addition to its effect in depleting 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 purina. 

The acute effect of potassium is demonstrated by rat 112. 

The gastrointestinal tract after °6 days of deficiency (DCA 

diet B) was hypotonic and completely amotile in the nine-hour 

X-ray (figure 12a) and the animal was cold and moribund. The 

1.5 men of potassium administered at 12 hours produced striking 

effects. The following morning (at 2k hours) the animal"was 

warm and active. About one half to two thirds of the barium 

was excreted (figure lpb), 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 11m) 

which was similarly depleted of potassium, but showed symptoms 

less marked at 9 hours than those of rat llp. The acute 

effect of pota*sium in other animals was similar to that in 

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

Of the animals placed on the normal diet A to recover 

from potassium deficiency, about half received 1.5 men 

additional potassium bv mouth and injection during the first 

few days only (rat 13*). This did not appear to affect the 

improvement appreciably (except probably for rat 13*) (figu^ 

12c) . 
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In rat 13* 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 day were moderately severe (figure llf,g). 

The animal was placed on diet A and given 1.5 men of potassium 

by injection and stomach tube for two days (total intake of 

potassium per day 3.1 men, which is not high for rats). T*>e 

barium test the following morning showed that the motilit̂ r 

of the whole digestive 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 12c) little barium remained 

in the tract, whereas normally only several feces are excreted 

in this time. Tone and rhythmical movements appeared normal, 

insofar a^ they could be iudged. The feces were well-formed 

and of normal consistency, showing that there WPS no *ign of 

diarrhea. It is quite possible, however, that the initial 

stimulatory effect in this animal may have been due to 

exce**ive amount* of notessiurn,in addition to the restoration 

of the body fluids to normal concentration. The serum 

potassium was 5.57 men/litre which is somewhat higher than 

normal. 

Soon after this test^regre*sion in the improvement 

occurred as it did in the other rat*. However, this was not 

appreciably alleviated by placing rat 13* on nurina diet, a* 

it was in othe^ animals. This animal -as examined several 
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times during the next *ix months and the evacuation rate 

became worse. Possible factors which may have contributed 

to this progressive regression are chronic infection, or, 

less likely, ageing. 

Rats 125 and I33 show the typical improvement which occurred 

in the majority of animals after potassium deficiency ™?.s 

relieved with a normal intake of this ion (diet A). On the 

67th and *J+th day, respectively, the abnormalities in the 

gastrointestinal tract of these animals were comparable to 

those of figure H i and h. When these rats were fed the normal 

diet ad libitum for five days (rat 12^ figure 12d) and nine 

days (rat 133 figure 12h,i);the condition of the alimentary 

tract was almost normal. In rat 195 only a small amount 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 was 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 

contracting small intestine. The small intestinal pattern 

was almost normal. By eight hours gastric 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 i!: 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 (12f,g) show that the movements of the 

gut and transit of barium were approximately normal. However, 

the pattern in the small intestine was not the same as that 

of controls prior to use in experiments. Again the abnormalities 

appeared to be due mainly to ^abnormal segmentation of barium11. 

Rat 133 shows similar effects. In two minutes (figure 12h) 

many loops of small bowel were filled with barium and exhibiting 

rapid and vigorous rhythmic segmenting contractions,(the loops 

are superimposed in the X-ray)yand the stomach was normally 

distended. At one hour rhythmic segmentation and peristalsis 

were evident and the barium was in a 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 pattern 

of the digestive canal occurred, the chief changes being pro­

longed gastric evacuation time, definitely "abnormal segment­

ation of barium" in the small bowel, an apparent reduction 

in the volume of barium suspension di*persed through the 
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intestine, and in addition a reduced rate of excretion. This 

is shown in figure l°.k. Improvement occurred on purina in 

the stomach and the excretion rate, so that both were completely 

normal.t By six hours very little barium was left in the tract 

(figure 12 1) . Slight abnormalities 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 occurred 

and further improvement was produced by purina feeding. 

These results are comparable to those described above. 
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(e) Potassium concentration in body fluids. 

In all the rats showing gastrointestinal changes from 

potassium depletion, the serum potassium concentration - a s 

lowered to values less than 3*5 men per litre. However, the 

number of determinations performed was limited. The average 

value in the rats fed diet B ad libitum for 20 days was 3.0 

meq, and when the deficiency was an average of 57 days, only 

a slight further decrease in the concentration occurred, to 

2.73 meq per litre (T§ble VII). In a few animals on which 

serum potassium was determined at 39 and 69 days, the concen­

tration was reduced by only 0.2 men, which is not statistically 

analysable because of the small series. In force-fed rats 

serum potassium was 2.*+2 men per 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 approximately as low as did the low potassium 

regime (diet B) . The serum potassium concentration was de­

creased to an extremely low value of I.91 men/litre in one 

rat fed diet B ad libitum and given DCA (figure lln rat 110). 

As shown in figure 1 to k and Table VII, loss of potassium 

was greatest in force-fed rats during the first few days of 

potassium depletion than thereafter. Approximately one third 

of the body potassium was lost in 9 days in rat* fed diet B. 
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It wee inadvisable to risk lo** of the animal* by taking 

serum samples bec.au*e of the small volume of blood in th°*e 

animals, and because blood was obtained from the heart under 

anesthesia. 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. Several died after do*es 

one half or less than that necessary to anesthetize normal 

rats, and in others, anesthesia was prolonged for many hours. 

In the electrolyte baleno.e studies blood sampling was not 

often performed becau*e the anesthesia affect* the excretion 

of electrolytes. 
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Summary of Experimental Observation*. 

The movements of the alimentary canal hav* been studied 

in rats by means of the X-ray technique. 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 force-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 changes which occurred in the small intestine 

consisted of some breaking up of the barium column so that 

barium was no longer in a continuous stream. Radiologics 

call this abnormal pattern "abnormal segmentation of barium". 

It was not marked in the case of the control animals. The 

radiologists believe the tone is irregular, 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-rays obtained throughout 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 regardless of whether potassium depletion 

was produced by a low potassium intake or by DCA injections. 

The symptoms produced by potassium 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 gastrointestinal 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 a week. In the force-fed animals, 

unabsorbed food, fluid and gas filled the distended tract. In 

several rats maintained on the low potassium diet ad libitum, 

clear fluid was present throughout the alimentary canal as 

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 deficiency was estimated 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 barium11) developed first, followed by gastric 

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 typical 

changes 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 sequence in which the 

deficiency condition in the gastrointestinal tract developed 

was estimated mainly from changes in the small bowel, and from 

the time required for transit of barium through the Various 

digestive organs. In rats maintained on the low potassium 

diet, first motility was reduced in the small bowel, and the 

transit time of barium through 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. Later ^abnormal 

segmentation of barium" occurred and only after this stage 

was tone reduced. By an average of kl days of deficiency 

tone was reduced throughout the small bowel and barium filled 

continuous loops of hypotonic gut. In the small intestine 

and throughout the whole alimentary canal tone «nd motility 

became progressively reduced and transit of barium WPS 
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prolonged until the tvuical condition of severe potassium 

deficiency occurred in an average of 6l days, (figure lli,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 feeding were 

similar, but the changes produced were accentuated when the 

rats were force-fed. 

In potassium deficient animals injections of potassium 

had a 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 an 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 days 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 

changes observed during potassium deficiency. However, in 

terms of the proper control (diet A force-fed prior to 

potassium depletion), restoration was not as complete as in 

the above group of animals eating normally. When these 

animals were fed ad libitum^restoration of motility WPS 

similar to that observed in nsts 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 gastric evacuation time 

was increased, Since small amounts of barium were retained 

in this organ at five hours. The rate of excretion remained 

normal in some animals 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

uation 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 

type 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 

experimental techniques and have not been tested as yet. 

The serum potassium was low in all animals showing moder-

ately severe or severe changes in the gastrointestinal tract. 

The concentration was lower 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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DISCUSSIQN 

The experiments which have shown that prolonged depletion of body 

potassium produces very severe gastrointestinal disturbances, have been 

summarized in the last section. These changes result primarily from a 

marked hypotonicity and hypomotility of all parts of the alimentary canal. 

Since paralysis is produced by potasSitim deficiency in skeletal muscle, 

as well as functional and anatomical abnormalities in cardiac muscle, it 

is 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 examined. Decreased 

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

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

and fluid constituents. It is probable that absorption of water and 

associated electrolytes and of digested food substances was inhibited because 

of the hypomotility of the muscular walls. The gas accumulated in the gut 

may have resulted from a similar cause, since in intestinal distension of 

various types in man, the gas is derived mainly from swallowed air. ( 23U). 

It is not likely that accumulation of fluid in the lumen was due to an increase 

in digestive secretions. Both secretion and absorption are dependent upon 

the blood flow in the mucosa. The flow is normally aided by the rhythmical 

contractions of the muscular walls which act as a type of auxiliary pump 

to fill and empty vessels, and aid venous return of blood. In the force-

fed rate, the distension of the flaccid walls produced by the administered 

fluid and food probably also inhibited the flow of blood through the walls, 

and acted to reduce motility further. Thus, from analysis of the several 

facts observed and deduction from the physiological properties of smooth 
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muscle and of the digestive tract, it seems probable that four factors, 

poor tone, poor motility, reduced blood flow and therefore of intestinal 

absorption, and the distension produced both by the administered food and 

the unabsorbed intestinal food, fluid and gas, all enter into a vicious 

cycle in the force-fed animals which quickly leads to death. In the 

rats fed ad libitum 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 organs, for food does not accumulate in the gut. The absorption 

of fluid is probably slow since it was observed that clear fluid filled the 

alimentary canal in several animals even when no food was present. The 

motility was greatly reduced but the walls were not distended appreciably. 

Without this factor of distension to close the vicious cycle, death did 

not usually occur. 

The changes in gastrointestinal motility produced in animals 

fed a low potassium diet sd 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 normal 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 substance 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 was a tendency for barium to adhere to the stomach walls 

in animals 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 indicates abnormality in mucus secretion in the upper part of 

the stomach on which the barium adhered. 

Force-feeding of the normal control diet A, itself, produced 

abnormalities in the stomach and small intestine,, but 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 introduction of the food, rather than upon the factors 

of introducing a tube into the stomach bidaily or of distending the stomach 

suddenly with water. However, since water runs out of the stomach quite 

rapidly, perhaps the addition of some colloidal agent would provide a better 

control of the factor of distension than water alone. Since these rats 

were esting normally of the purina diet, the factor of psy chnic disturbances 

produced by the abnormal feeding of food by tube was not controlled. How­

ever, in view of the rapid effect which force-feeding has upon unadapted 

potassium-deficient rats and of the gastric distension produced by sudden 

filling of the stomach with 6ood, the changes are regarded as primarily 

due to distension. 

Another balanced diet ( E) of entirely different composition was 

force-fed to several rats. This consisted primarily of whole milk powder 

and sucrose. Barium tests performed on these animals showed that gastric 

distension was marked and prolonged, pylorospasro occurred, and the motility 

of the small intestine was 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 was mainly butter fat rather than vegetable fat. 

The abnormalities produced by this technique of feeding suggest the 

inadvisability 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 subcutaneously injected potassium was detected in 

less than an hour, even in twenty minutes in two rats examinated at this 

time. No experiments were performed to analyse the effect of potassium 

deficiency and of therapy with potassium in these experiments and no 

microscopic sections 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 a sudden increase 

in the extracellular fluid concentration, and the other, from a diffusion 

into the cells to restore intracellular concentration to normal. This 

was discussed in the review of in vitro experiments. Subcutaneously injected 

potassium first diffuses through extracellular fluid and then fairly rapidly 

into tissues. Diffusion is complete by four hours in muscle and by about 

two hours in the gastrointestinal tract. This has been shown with the 

use of radioactive potassium (235, 236). In view of the rapidity of the 

effect, the initial stimulation of intestinal motility produced during the 

first half hour or so by potassium is probably primarily a surface phenomenon 

due to increased extracellular potassium concentration. The serum potassium 

was elevated and remained slightly above normal for a day at least. In the 

frog (220) the optimal concentration for maximal ii&tability of skeletal 

muscle is above normal and possibly this is the case for the smooth muscle in 

the digestive organs of the rat. The rapid effect of potassium is analogous to 

its effect in relieving muscle paralysis in DCA-treated animals and in 

periodic familial paralysis. In the course of the next several hours tonus 

gradually recovered, rhythmic contractions remained vigorous and strong 

waves of peristalsis resulted in the excretion of most of the barium within 

twenty-four hours. Untreated rats retained most or all of the barium in 

this time. This sustained effect may be considered to be due to increased 

capacity of the cells to contract because of improvement in the intracellular 
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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. Since 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 

were reversible. 

It may be that potassium deficiency and therapy Influence the release 

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 transmitting impulses. It is also known that the release 

of acetyl choline is stimulated by small amounts of potassium but inhibited 

by large amounts (22*0. 

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 animal, 

motility was increased above normal in two days, but it regressed rapidly 

four days later despite continued treatment with potassium. In this animal 

potassium was added to the food and also given by stomach tube, but the 

total amount was comparable to that obtained from a diet of purina. The 
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initial stimulatory effect may be comparable 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 

was almost complete restoration to normal of the tone and 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 k.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 diet, since when the animals were placed 

on purina diet, the tone and motility was restored almost to the normal 

pre-experimental controls. Certain slight abnormalities persisted in the 

small 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 obtained, is unknown unless the re­

storation of the serum potassium to normal 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 

libitum throughout the experiments. This shows that permanent changes were 

not produced by force-feeding, and indicates that with continuance of the 

factor of distension fi*am the force-fed diet did not permit the muscle 

walls to recover maximally. 

It 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 procedures of being taped 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 abnormalities 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 small 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, abnormalities 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 restored more 

completely or permanently by purina than by diet A, there was some deficiency 

in 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 k grams of yeast per 100 grams of dry diet A, and all the vitamins required 

for normal motility in dqjs^ (237) except inositol. Inositol presumably 

was present in the extract but may not have been present in adequate amounts. 

When normal rats were maintained on diet 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 is possible that the animals recovering from potassium deficiency are 

more sensitive to deficiencies in the diet. In addition, in the latter 

animals the total duration of feeding on synthetic diets (B and A) was 

three to three-and one-half months, whereas the controls were fed diet A 

for two months. 

Potassium may play a role in clinical cases of gastrointestinal 

distension, particularly in obstruction, and in clinical cases of chronic 

diarrhea or vomiting. In cases when distension is severe, especially from 

obstruction in the tract, fluids and gases are absorbed poorly (23^). The 

ions which are present in the fluid are lost from the body by secretion. 

Of particular interest are the gastric Jlices 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 are vomited, potassium is lost 

from the body in excess of sodium and water. In addition, sodium chloride 

is usually infused intravenously. Falconer et al (̂ l) has observed that the 

saline infusions tend to decrease the serum potassium 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 intestinal 

obstruction, and obtained some evidence that the infusion of Einger'B solution 

instead of saline was of value in a few cases which responded poorly, from 

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

non-tropical sprue, Harrison et al (239,2*10) have observed very low values 

of serum potassium concentrations, as low as 1.1 meq in one case. Since 

experiments in rats restored the motility of the gastrointestinal tract 

so effectively, it is possible that there may be some clinical application 

of these observations, at least 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 distension, such as post-operatively, even 

when the potassium from the tissues is not detected. 

The gastrointestinal changes observed in potassium deficiency 

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.(2^1). 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 most cases the gastric tone is reduced 

while peristalis is less affected at first, but is eventually reduced. Plyoro-

spasm is a frequent occurrence as the deficiency 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 deficiency states occur in hypoproteinemia, icterus, anemia 

etc. (2iH). 

Thus there is considerable similarity between the changes produced 

by potassium deficiency in rats and those produced by vitamin B deficiency 

and other deficiency states in man and animals. No stage of hypermotility 

was observed but the animals were not examined prior to 20 days. It is possible 

that there is some common cause responsible for the abnormalities. In man 

degenerative changes in the intrinsic nerve plexuses of the gastrointestinal 

tract are associated with the clinical deficiency states, particularly with 

vitamin B deficiency. In the rats, since recovery from potassium deficiency 
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was so prompt and may be considered almost complete, it is obvious that 

permanent changes in nervous elements cannot be responsible for the symptoms 

observed. The symptoms were more severe to the rats than those which have 

been observed from other types of deficiencies. It is possible that both 

types of deficiencies may affect the intermediary metabolism of cells. 

Potassium is an essential ion for certain enzymatic systems responsible for 

muscular contraction and transfer of energy in cells (2^2, 2^3). In many 

of the enzymatic reactions of the cell vitamins of the B complex are also 

essential, and serve as co-enzymes. Deficiency of either may thus interfere 

with either 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 were pulsating strongly. The venous blood appeared well-

oxygenated, except in animals in poor condition. This tendency for the blood 

to pool in the lower part 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 cause vascular dilatation. In addition, 

cardiac function is reduced by prolonged potassium deficiency and pathological 

lesions are severe (35,^5). These were observed grossly in the experiments 

reported. Liebow et al ( 7/ ) has observed heart failure in a few potassium 

deficient rate. Thus, it is possible that weakened cardiac function 

decreased the venous return of blood 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 animals 

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 very slight changes in the 

small intestinal pattern. Those force-fed this diet showed more appreciable 

changes, but these were slight in comparison with those produced by potassium 

deficiency. 

Severe potassium 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 libitum for two or three months, and these did not cause death. 

The motility was reduced prior to the reduction of tone. Evidence indicated 

that the effect of DCA was similar to that of a low potassium regime. 

The effect of potassium therapy on the condition of the gastro­

intestinal tract was striking. The abnormalities were pron^tly relieved 

by potassium therapy and restored almost to normal in a week. Subsequent 

regression in improvement was discussed as possibly due to a deficiency in 

diet A, since almost complete normal motility was observed on purina diet. 

The slight abnormalities which persisted on purina feeding in the small 

intestine were discussed as probably caused 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 mechanism responsible for the changes produced 

by potassium deficiency and subsequent therapy with potassium have been 

discussed. 
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4-4-. Darrow, D.C. - "Changes in muscle composition in alkalosis". 
J. Clin. Invest., 2£, 324-, 194-6. 

4-5. Miller, H.C. and Darrow, D.C. - "Relation of serum and muscle 
electrolytes, especially potassium, to voluntary 
exercise". Am. J. Physiol., 132, 301, 194-1. 

4-6. Buell, M.V. and Turner, E. - "Cation distribution in the muscles 
of adrenalectomized rats". Am. J. Physiol., 134-, 
225, 19^1-

4-7. Selye, H. and Dosne, C. - "Changes produced by desoxycorticosterone 
overdosage in rats". Proc. Soc. Exp. Biol. & Med., 
44, 165, 19*k>. 

4-3. Selye, H. and Dosne, C. - "Action of DCA and progesterone on blood 
and tissue chloride of normal and adrenalectomised 
animals". Am. J. Physiol., 132, 522, 194-1. 

4-9. Ragan, C , Ferrebee, J.W., Phyfe, P., Atchley, D.W. and Loeb, R.F. • 
"A syndrome of polydipsia and polyuria induced in 
normal animals by DCA". Am. J. Physiol., 131, 73, 
194-1. 

50. Harkness, D.H., Muntwyler, E., Mautz, F.R. and Mellors, R.C. -
"Electrolyte and water exchange between skeletal 
muscle," available (thiocyanate) fluid, "and 
plasma in the dog following the administration of 
DCA". J. Lab. Clin. Med., 23, 307, 19^2. 

51. Muntwyler, E., Mautz, F.R. and Griffin, G.E. - "The distribution 
of water and electrolytes in muscle of dogs treated 
with DCA following injections of glucose and 
glucose containing potassium chloride." J. Biol. 
Chem., 1^6, 4-69, 19W. 

52. Mulinos, M.G., Spingarn, C.L., and Lojkin, M.E. - "A diabetes 
insipidus-like condition produced by small doses 
of desoxycorticosterone acetate in dogs". Am. J. 

Physiol., 13̂ ., 102> 19^ 1-

53. Clinton, LI. Jr., Thorn, G.A., Eisenberg, H. and Stein, K.E. -
"Effect of synthetic desoxycorticosterone acetate 
therapy on plasma volume and electrolyte balance 
in normal dogs". Endocrinology, 31̂ , 373, 19^2. 



-187-

- 6 

54-. Thorn, G.W. and Emerson, K. - "The role of gonadal and adrenal 
cortical hormones in the production of edema". 
Ann. Int. Med., ]A, 757, 194o. 

55. Harrop, G.A., Nicholson, W.M. and Strauss, M.J. - "Studies on 
the suprarenal cortex. V. Influence of the 
cortical hormone upon excretion of water and 
electrolyte in suprarenalectomized dogs". 
J. Exp. Med., 64-, 233, 1936. 

56. Ziegler, M., Anderson, G.A. and McQ,uarrie, I. - "Effects of DCA on 
water and electrolyte content of brain and other 
tissues". Proc. Soc Exp. Biol. & Med., 56, 24-2, 
19W. — 

57. Dean, R.B. - "The determination of chloride in single isolated 
muscle fibres". J. Biol. Chem., 137, 113, 194o. 

57a. Amberson, W.R., Nash, T.P., Mulder, A.G., and Binns, 0. - "The 
relationship between tissue chloride and plasma 
chloride". Am. J. Physiol., 122, 224-, 193^. 

53. Hastings, A.B. and Eichelberger, L. - "Exchange of salt and water 
between muscle and blood. I. The effect of an 
increase in total body water produced by the 
intravenous injection of isotonic salt solution". 
J. Biol. Chem., 117, 73, 1937-

59, Fenn, W.O. - "Electrolytes in muscle". Physiol. Rev., 3J$; 4-50, 
1936. 

60: Manery, J.F., Danielson, I.S., and Hastings, A.B. - "Connective 
tissue electrolytes". J. Biol. Chem., 124-, 359, 
1933. 

61. Yannet, H. and Darrow, D.C. - "The effect of depletion of extra­
cellular electrolytes on the chemical composition 
of skeletal muscle, liver and cardiac muscle". 
J. Biol. Chem., l̂ lt, 721, 19^0. 

62. Darrow, D.C. - "Tissue water and electrolyte". Ann. Rev. Physiol., 

6, 95, 19W. 

63. Boyle, P.J. and Conway, E.J. - "Potassium accumulation in muscle 
and associated changes". J. Physiol., 100, 1, 194-1. 

64-. Boyle, P.J., Conway, E.J., Kane, F. and O'Reilly, H.L. - "Volume 
of interfibre spaces in frog muscle and the calculation 
of concentrations in the fibre water". J. Physiol., 
99, 4-01, 19^1. 



-188-

- 7 -

65. Muntwyler, E., Mellors, R.C. and Mautz, F.R. - "Electrolyte and 
water equilibrium in the dog. I. Equilibria 
in the blood in adrenal insufficiency". 
J. Biol. Chem., 1^, 34-5, 194-0. 

66. Conway, E.J. and Hingerty, D. - "The influence of adrenalectomy 
on muscle constituents". Biochem. J., 4-0, 561. 
19^6. ~ 

67. Darrow, D.C. - "Effect of low potassium diet and desoxycorticosterone 
on the rat heart". Proc. Soc. Exper. Biol. & Med., 
5£f 13, 19W. 

63. Sykes, J.F. and Alfredson, B.V. - "Studies on the bovine electro­
cardiogram. I. Electrocardiographic changes in 
calves on low potassium rations". Proc. Soc. Exper. 
Biol. & Med., 4^, 575, 194-0. 

69. Darrow, D.C, Harrison, H.E., and Taffel, M. - "Tissue electrolytes 

in adrenal insufficiency". J. Biol. Chem., 130, 
^37, 1939. 

70. Liebow, A.A., McFarland, W.J. and Tennant, R. - "The effects of 
potassium deficiency on tumor-bearing mice". 
Yale J. Biol. &Med., 1£, 523, 194-1. 

71. Follis, R.H. Jr., Orent-Keiles, E., and McCollum, E.V. - "The 
production of cardiac and renal lesions in rats 
by a diet extremely deficient in potassium". 
Am. J. Path., lg, 29, 194-2. 

72. Thorn, G.W. - "Desoxycorticosterone." J. Mount Sinai Hospital, 
i , 1177, 19^2. 

73. Ingle, D.J. and Thorn, G.W. - "A comparison of the effects of 11-
dehydrocorticosterone acetate and 17-hydroxy-11-
dehydrocorticosterone in partially depancreatized 
rats". Am. J. Physiol., 132, 670, 194-1. 

74-. Thorn, G.W. and Engle, L.L. - "The effect of sex hormone and allied 
substances on the renal excretion of electrolytes". 
XVI Internat. Physiolkong, Zurick, 1933. 

75. Thorn, G.W., Garbutt, H., Hitchcock, F... , and Hartman, F.A. -
"The effect of cortin upon the renal excretion of 
sodium, potassium, chloride, inorganic phosphorus 
and total nitrogen in normal subjects and in 
patients with Addison's disease". Endocrinology, 

21, 203, 1937. 



-189-

- 3 

76. Thorn, G.W., Engel, L.L. and Lewis, R.A. - "Effect of 17-hydroxy-
corticosterone and related adrenal cortical 
hormone on sodium and chloride excretion". Science, 
2t, 3^3, 194-1. 

77. Thorn, G.W. and Engel, L.L. - "The effect of sex hormones on the 
renal excretion of electrolytes". J. Exiser. Med., 
63, 299, 1933. 

73. Sykes, J.F. and Moore, L.A. - "Lesions of the Purkinje network of 
the bovine heart as a result of potassium deficiency". 
Arch. Path., j£, 4-67, 19^2. 

79. Follis, R.H. Jr. - "Histological effects in rats resulting from 
adding rubidium or cesium to a diet deficient in 
potassium". Am. J. Physiol., 133, 24-6, 194-3. 

30. Follis, R.H. Jr. - "Effect of exercise in rats fed a diet defic­
ient in potassium". Proc. Soc Exper. Biol. & Med., 
^l, 71, 19^2. 

31. Thomas, R.M., Mylon, E. and Winternitz, M. - "Myocardial lesions 
resulting from dietary deficiency". Yale J. Biol. 
& Med., 12, 34-5, 194-0. 

32. Durlacher, S.H. and Darrow, D.C, and Winternitz, M. - "The effect 
of low potassium diet and of DCA upon renal size". 
Am. J. Physiol., rj6, 34-6, 194-2. 

#3. Heppel, L.A. - "The diffusion of radioactive sodium into the muscles 
of potassium-deprived rats". Am. J. Physiol., 123, 

^ 9 , 1939. 

34-. Moehlig, R.C. and Jaffe, L. - "Syndrome simulating diabetes insipidus 
in dogs induced by desoxycorticosterone acetate. 
J. Lab. & Clin. Med., 2£, 1009, 194-2. 

£5. Carnes, W.H., Ragan, C , Ferrebee, J.W., and O'Neill, J. - "Effects 
of desoxycorticosterone in albino rats". Endocrinology, 
2£, 144, 194-1. 

$6. Ruegamer, W.R., Elvehjem, C.A. and Hart, E.B. - "Potassium deficiency 

in the dog". Proc. Soc Exper. Biol. & Med., 61̂ , 

234-, 19^6. 

&1. Smith, S.G. - "Potassium vs. biotin in the treatment of progressive 

paralysis in dogs". Proc Soc. Exper. Biol. &Med., 

6£, 339, 19^6. 



-190-

66. 

- 9 -

Aitken, R.S., Allott, E.N., Castleden, L.I., and Walker, M. -
"Observations on a case of familial periodic 
paralysis." Clinical Sc, £, ̂ 7, 1933. 

39. Pudenz, R.H., Mcintosh, J.F., and McEachern, D. - "The role of 
potassium in familial periodic paralysis". 
J.A.M.A., .m, 2253, 1933. 

90. Thorn, G.W. - "Effect of adrenal cortical hormone on renal 
excretion of electrolytes in normal subjects". 
Proc. Soc. Exper. Biol. & Med., ̂ 6, 361, 1937. 

91. Clinton, M. Jr., and Thorn, Gr.W. - "Effect of DCA administration 
on plasma volume and electrolyte balance of 
normal human subjects". Bull. Johns Hopkins 
Hosp., 2i, 255, 19^3. 

92. Loeb, R., Atchley, D., Gutman, E. and Jillson, R. - "On the 
mechanism of sodium depletion in Addison's 
disease". Proc. Soc. Exper. Biol. &Med., 31, 
130, 1933. 

93. Cris^mon, J.ivl,, Cris^mon, C.S., Calabresi, M. and Darrow, D.C. -
"Electrolyte redistribution in cat heart, and 
skeletal muscle in potassium poisoning". Am. J. 
Physiol., L52, 667, 19^3-

94-. Darrow, D.C. - "Congenital alkalosis with diarrhea". J. Pediat., 
26, 519, 19^5. 

95* Swingle, W.VJ., Parkins, W.M. and Remington, J.W. - "The effect of 
DCA and of blood serum transfusion upon the circulation 
of the adrenalectomized dog". Am. J. Physiol., 134-, 
503, 19*4-1. 

96. Winter, C.A. and Ingram, W.R. - "Observations on the polyuria pro­
duced by desoxycorticosterone acetate". Am. J. 
Physiol., 1^2, 710, 194-3. 

97. Selye, H., and Bassett, L. - "The effect of desoxycorticosterone 
and testosterone on water and chloride metabolism." 
Proc Soc. Exper. Biol. &Med., 4^, 272, 194c 

<)&. Harned, A.S. and Nelson, W.O. - "The relation between desoxycortico­
sterone acetate and diabetes insipidus". Fed. Proc, 
2, 19, 19^3. 

99. Rice, K.K. and Richter, CP. - "Increased sodium chloride and water 
intake of normal rats treated with desoxycorticosterone 
acetate." Endocrinology, 31, 100, 1944. 



-191 

- 10 -

100. Anderson, E., Haymaker, W., and Joseph, M. - "Hormone and / 
electrolyte studies of parent Sxwith hyper- __--
adrenocortical syndrome (Sushin's syndrome)1'. p 

Endocrinology, 2j>, 39^, 193d. 

101. Walters, W., Wilder, R.M., and Kepler, E.J. - "The suprarenal 
cortical syndrome; report of 2 cases with 
successful surgical treatment". Proc. Staff. 
Meet. Mayo Clinic, £, 661&4-00, 1934-. 

102. Kepler, E.J. - "Report of 4- cases: Symposium: Polyglandular 
dyscrasies involving abnormalities of sexual 
characteristics". Proc Staff Meet. Mayo Clinic, 
3, 102, 1933. 

103. Kepler, E.J., Kennedy, R.L.J., Davis, A.C , Walters, W., and 
Wilder, R.M. - "Suprareno-cortical syndrome and 
pituitary basophilism; presentation of 3 n e w 

cases". Proc. Staff Meet. Mayo Clinic, £, 169, 
1934-. 

104-. Willson, D.M., Power, M.H. and Kepler, E.J. - "Alkalosis and low 
plasma potassium in a case of Cushing's syndrome: 
a metabolic study". J. Clin. Invest., 1% 701, 
194-0. 

105. Cluxton, H.E., Bennett, W.A., Power, M.H., and Kepler, E.J. -
"Cushing's syndrome without adenomatous or 
hyperplastic changes etc". J. Clin. Endoc 
£, 61, 19^5. 

106. Siebeck, R. - "Physiologie des Wasserhaushaltes". Handb. d. 
norm. u. path. Physiol., Part 2, lj\ l6l, 1926. 

107. Skelton, H. - "The storage of water by various tissues of the 
body". Arch. Int. Med., 20, 14-0, 1927. 

103. Darrow, D.C. - "Body-fluid physiology: The relation of tissue 
composition to problems of water and electrolyte 
balance". New Eng. J. Med., 2£5, 91, 194-5-

109. Harrison, H.E., Darrow, D.C, and Yannet, H. - "The total 
electrolyte content of animals and its probable 
relation to the distribution of body water". 
J. Biol. Chem., 113, 515, 1936. 

110. Manery, J.F. and Danielson, I.S. - "Connective tissue electrolytes". 
J. Biol. Chem., 124-, 359, 1933. 



-192-

- 11 -

111. Manery, J.F. and Hastings, A.B. - "The distribution of electrolytes 

in mammalian tissues'1. J. Biol. Chem., 127, 657, 
1939-

112. Fenn, W.O. - "Potassium in physiological processes". Physiol. Rev., 
20, 377, 19^0. 

113. Miller, H.G. - "Potassium in animal nutrition. II. Potassium in 
its relation to the growth of young rats". 
J. Biol. Chem., ££, 6l, 1923. 

Il4-. Greenberg, D.M. and Cuthbertson. - "Dietary chloride deficiency 
and alkalosis in the rat". J. Biol. Chem., 14-5, 
179, 19̂ -2. 

115. Smith, P.K. and Smith, A.H. - "Electrolytes in the serum of the 
rat". J. Biol. Chem., 107, 673, 193^ • 

116. Van Slyke, D.D. and Hiller, A. - "Application of Sendroy's iodo-
metric chloride titration to protein-containing 
fluids". J. Biol. Chem., l6£, 107, 194-7-

117. Sendroy, J. Jr. - "Microdetermination of chloride in biological 
fluids, with solid silver iodate. II. Titrimetric 
analysis". J. Biol. Chem., 120, 4-05, 1937-

113. Peters, J.P. and Van Slyke, D.D. - "Quantitative Clinical Chemistry". 
vol. 2. Baltimore, 'The Williams & Wilkins Co., 1932. 

119. Patterson, J. - "Determination of chlorides in body fluids". 
Biochem. J., 22, 753, 1923. 

120. Snedecor, G.:/. - "Statistical methods, applied to experiments in 
agriculture and biology'1. Ames, Iowa State College 
Press, 194-0. 

121. Winkler, A.W., Elkington, J.R. and ^isenman, A.J. - "Comparison of 
sulfocyanate with radioactive chloride and sodium 
in the measurement of extracellular fluid". Am. 
j. Physiol., r59, 239, 194-3. 

122. Crandall, L.A. Jr., and Anderson, M.X. - "Estimation of the state 
of hydration of the body by the amount of water 
available for the solution of sodium thiocyanate". 
Am. J. Dig. Dis. & Nutrition, 1̂ , 126, 193^« 

123. Lavietes, P.H., Bourdillon, J. and Klinghoffer, K.A. - "The 
volume of the extracellular fluids of the body*. 
J. Clin. Invest. 1£, 26l, 1936. 



-193-

- 12 -

124-. Rosenbaum, J.D. and Lavietes, P.H. - "Lipoid-thiocyanate in serum". 
J. Biol. Chem., 1^1, 663, 1939. 

125. Ashworth, C.T., Muirhead, 2.E.,. Thomas, O.F., and Hill, J.M. -
"An analysis of the thiocyanate method for 
determining the distribution of the body fluids". 
Am. J. Physiol., 139, 255, 194-3. 

126. Wilde, W.S. - "Entrance of chloride with potassium into live 
rat muscle fibers - CI-space error". Science, 
23, 202, 194-3. 

127. Zwemer, R.L. and Pike, F.H. - Ann. N.Y. Aca. Sci., j5£, 257, 1933. 
quoted by Fenn (112). 

123. Baetjer, A.LI. - 5!The diffusion of potassium from resting skeletal 
muscles following a reduction in blood supply". 
Am. J. Physiol., 112, 139, 1935. 

129. Bisgaard, J.D., Mclntyre, A.R. and Osheroff, W. - "Studies of 
sodium, potassium and chlorides of blood serum 
in experimental traumatic shock, shock of induced 
hyperpyrenia, high intestinal obstruction, and 
duodenal fistulas". Surgery, 4:, 52$, 1933. 

130. Houssay, D.A., Marenzi, A.D., and Gerschman, R. - "Potassium sanguin 
et mecanisme sympathetique - adrenalino-hepatique". 
Compt. rend. Soc. de Biol., 124-, 332, 333, 3554-, 1937. 

131. Maximow, A.A. and Bloom, W., "A Textbook of Histology", Philadelphia, 
W.B. Saunders Company, 1933. 

132. Cole, E.C - "Textbook of Comparative Histology". Philadelphia, 
Blakiston Company. 

133. McSwiney, B.A., and Robson, J.M. - "The response of smooth muscle 
to stimulation of the vagus nerve'1. J. Physiol., 
63, 124-, 1929. 

134-. Hill, C.J. - Phil. Trans. Roy. Soc, B, 21£, 355, 1927-

135. McSwiney, B.A. - "Innervation of the stomach". Physiol. Rev., 
11, 4-73, 1931. 

136. Alvarez, W.C. - "An Introduction to Gastroenterology". 3rd- Edition. 
New York, Hoeber, Inc., 1939* 

137 Irwin, D.A. - ?,The anatomy of Auerbach's plexus". Am. J. Anat., 4^, 
14-1, 1931. 



-19U-

- 13 - , 

133. Sauer, M.E. and Rumble, C T . - "The number of nerve cells in 
the myenteric and submucous plexuses of the small 
intestine of the cat". Anat. Rec , j)6, 373, 194-6. 

139. Bayliss, W.M. and Starling, S.H. - "The movement and innervation 
of the large intestine". J. Physiol., 26, 107, 
1900. 

14-0. Bayliss, W.M. and Starling, 2.H. - "The movements and innervation of 
the small intestine". J. Physiol., 24r, 99, 1^99 
and 26, 125, 1900. 

14-1. Alvarez, W.C, Hosoi, K. Overgard, A. and Ascanio, H. - "The 
effects of degenerative sections of the vagi and 

the splanchnics on the digestive tract". Am. J. Physiol., ^0, 
631, 1929. 

14-2. Cannon, W.B. - "The motor activities of the stomach and small 
intestine after splanchnic and vagus section". 
Am. J. .Physiol., l£f 4-29, 1906. 

l4-3» Cannon, W.B. - "The movements of the stomach studied by means 
of the roentgen rays". Am. J. Physiol., 1̂ , 359, 
1393. 

l44. Cannon, W.B. - "The movements of the stomach studied by means of 
the roentgen rays". Am. J. Physiol., 1̂ , xiii, 
1393. 

l4-5. Cannon, W.B. - "The movement of the intestines studied by means of 
the roentgen rays". Am. J. Physiol., £, 251, 
1902. 

14-6. Cannon, W.B. - "Further observations on the movements of the stomach 
and intestines". Am. J. Physiol., g[, xxi, 1902. 

14-7. Cannon, W.B. - "The passage of different foodstuffs from the 
stomach and through the small intestines". Am. 
J. Physiol., 12, 337, 190^. 

14-3. Cannon, W.B. - "The influence of emotional states on the functions 
of the alimentary canal". Am. J. Med. Sci., 137, 
4-30, 1909. 

l4-9. Cannon, W.B. - "The-Mechanical Factors of Digestion". New York, 
E. Arnold, 1911. 



-195-

- 14 -

150. Cannon, W.B. - "The importance of tonus for the movements of 
the alimentary canal." Arch. Int. Med., &9 

4-17, 1911. 

151. Cannon, W.B. - "The relation of tonus to antiperistalsis in the 
colon". Am. J. Physiol., 29, 233, 1911. 

152. Cannon, W.B. - "The nature of gastric peristalsis". Am. J. 
Physiol., 29, 250, 1911. 

153. Cannon, W.B. - "Peristalsis, segmentation and the myenteric 
reflex". Am. J. ftiysiol. 30, 114-, 1912. 

154-. Cannon, W.B., and Lyman, H. - "The depressor effect of adrenalin 

on arterial pressure". Am. J. Physiol., Jl_, 376, 
1913. 

155. Cannon, W.B. and Moser, A. - "The movements of the food in the 
oesophagus". Am. J. Physiol., 1̂ , 4-35, 1393. 

156. Evans, C.L. - "The physiology of plain muscle". Physiol. Rev., 
j$, 353, 1926. 

157. F i sche r , E. - "Vertebrate smooth muscle". Phys io l . Rev., 24 ,̂ 
4-67, 19^. 

153. Evans, C.L. - "Studies on the physiology of plain muscle. II. 
The oxygen usage of plain muscle and its relation 
to tonus". J. Physiol., *#, 22, 1923. 

159. Bozler, E. - "An analysis of the properties of smooth muscle". 
Sympos. Cold Spring Harb., ;4, 260, 1936. 

160. Bozler, S. - "The mechanism of the inhibitory action of vaso-
cilator nerves". Am. J. Physiol., 117, 4-57, 1936. 

161. Magnus, R. - "Cholineand gastro-intestinal system". Muencher. 
Med. Wochschr., 2£, 24-9, 1925. 

162. Zimmerman, B., Frank, R. and Necheles, H. - "Effect of acetyl 
choline and of physostigmine on gastrointestinal 
motility. Observations of normal animals and of 
animals with experimental peritonitis". Arch. 
Surg., j£, 133, 1936. 

163. Hukuhara, T. - "Die normale Duenndarmbewegung. (Mit Hilfe der 
Bauchfenstermethode und Kinematographie)". 
Arch. f.d. ges. Physiol., 226, 5l3, 1930-31-



-196-

- 15 -

164-. Gunn, J.A. and Underhill, S.W. - "Experiments on the surviving 
mammallian intestine". Quart. J. Physiol, g, 
275, 191^. 

165. Alvarez, W.C. and Mahoney, L.J. - "The myogenic nature of the 
rhythmic contractions of the intestine". Am. 
J. Physiol., £9, 421, 1922. 

166. Evans, C.L., and Underhill, S.W. - "Studies on the physiology 
of plain muscle". J. Physiol., ££, 1, 1923. 

167. Gasser, H.S. - "Plexus-free preparations of the small intestine; 
a study of their rhythmicity and of their response 
to drugs". J. Pharmacol. & Ex-oer. Therap., 27, 
395, 1926. 

163. Ogata, S. - "The activity of the isolated uterus". J. Pharmacol. 
& Exper. Therap., 1^, 1^5, 1921. 

169. Kaminester, S. and Reynolds, S.R. - "Motility in the transplanted, 
denervated uterus". Am. J. Obst. & Gynec., 30, 
395, 1935. 

170. Hryntschak, T. - "Beitraege zur Physiologie des Ureters: I. Zur 
Harnleiterautomatie". Arch, f.d.ges. Physiol., 
209, 5^2, 1925. 

171. Alvarez, W.C. and Mahoney, L.J. - "Peristaltic rush in the rabbit". 
Am. J. Physiol., 69, 226, 1924-. 

172. Alvarez, W.C. - "Differences in rhythmicity and tone in different 
parts of the wall of the stomach". Am. J. Physiol., 
4£, 535, 1916. 

173. Brown, G.L. and McSwiney, B.A. - "Reaction to drugs of strips of the 
rabbit's gastric musculature". J. Physiol., 6l, 
26l, 1926. 

174-. Elliott, T.R. and Barclay-Smith, F. - "Antiperistalsis and other 
muscular activities of the colon5'. J. Physiol., 31, 
272, 1904-. 

175. Garry, R.C - "The movements of the large intestine". Physiol. Rev., 
iA, 103, 193^. 

176. Kornberg, A. and Endicott, K.M. - "Potassium deficiency in the rat. W". 
Am. J. Physiol., l4-5, 24-1, 194-6. 

177. Schrader, G.A., Prickett, CO., and Salmon, W.D. - "Symptomatology 
and pathology of potassium and magnesium deficiencies 
in the rat". J. Nutrition, 14-, 35, 1937. 



-197-

- 16 -

173. Heppel, L.A. and Schmidt, C.L.A. - "Studies on potassium metabolism 
of rat during pregnancy, lactation and growth." 
Univ. California Pub., Physiol., £, 189, 1933. 

179. Skinner, J.T. and McHargue, J.S. - "Response of rats to boron 
supplements when fed rations low in potassium". 
Am. J. Physiol., l4^, 3^5, 194.5. 

130. Robertson, E.C. and Doyle, M.S. - "Intestinal stasis in low mineral 
diets". J. Nutrition, £, 553, 1935* 

131. Miller, H.G. - "Potassium in animal nutrition. IV. Potassium 
requirements for normal growth and maintenance". 
J. Biol. Chem., JO, 537, 1926. 

132. Kupaloff, P.S. - "Die Chemischen Erreger der Magenkontraktionen. 
III. Tiber die Werkung von Kalium-chlorid und 
Calciumchlorid auf die Bewegungen eines Froschmagens". 
Arch. f. Physiol., 204-, 4-̂ 3, 1924-. 

133. Vogt, M. - "Chronic suprarenal deficiency and its effects on the 
responses of the isolated intestine in the rabbit". 
J. Physiol., 102, 239, 194-3. 

134-. bowler, J.L.A. and Cleghorn, R.A. - "The response of splanchnic 
blood vessels and of the small intestine to 
vasoconstrictor influences in adrenal insufficiency 
in the cat". Am. J. Physiol., 137, 371, 194-2. 

135. Clarke, A.P.W. and Cleghorn, R.A. - "Chemical study of tissue changes 
in adrenal insufficiency and traumatic shock". 
Endocrinology, ^1, 597, 194-2. 

136. Rose, W.B., Stucky, C.J., and Cowgill, G.R. - "Studies in the 
physiology of vitamins. X. Further contribution 
to the study of gastric motility in vitamin B. 
deficiency". Am. J. Physiol., 91, 531, 1930. 

137. Rose, W.B., Stucky, C.J. and Cowgill, G.R. - "Studies in the physiology 
of vitamins. XII. The relation of gastric motility 
to anhydremia in vitamin B- deficient dogs". An. J. 
Physiol., 92, 33, 1930. 

133. Stiles, P.G. - "On the influence of calcium and potassium upon the 

tone of plain muscle". Am. J. Physiol., j$, 269, 
1903. 

139. Magee, H.E. and Reid, E. - "Studies on the movements of the alimentary 
canal. I. The effects of electrolytes on the rhythmical 
contractions of the isolated mammalian intestine". 
J. Physiol., £3, 97, 1927-



193 

190. Jendrassik, J. "Beitraege zu einer Pharmakologie der Konzentrat-
ionsaenderungen ueber Wirkungen von Kalium, 
Calcium and Magnesium am Darm". Bio chem. Z., l4-3, 
116, 1924-. 

191. Amabache, N. - "Interaction of drugs and the effect of cooling on 
the isolated mammallian intestine". J. Physiol., 
104-, 266, 194-6. 

192. Whitehead, R.W. - "Responses of excised intestine to alterations 
of electrolyte concentration". Am. J. Physiol., 
32, 253, 1929. 

192a. Mathison, G.C - "The effects of potassium salts upon the circulation 
and their action on plain muscle". J. Physiol., 4£, 
4-71, 1911. 

193. Clark, A.J. - "The mode of action of potassium upon isolated organs". 
J. Pharmacol, and Exper. Therap., 1^, 4-23, 1921. 

194-.. Vogt, M. - "The site of action of some drugs causing stimulation of 
the circular coat of the rabbit intestine51. 
J. Physiol., 102, 170, 194-3. 

195. Zondek, S.G. - "Uber das Wesen der Vagus - und Sympathicusfunktion. 
Die Identitat von Nerv- und Ionenwirkung". 
Biochem. Z. 132, 362, 1922. 

196. Singh, I. - "A comparative study of the effect of the interaction 
of ions, drugs and electrical stimulation as 
indicated by contraction of unstriated muscle". 
J. Physiol., 2<S, 367, 1939. 

193. Tate, G., and Clark, A.J. - "The action of Potassium and Calcium 
upon the isolated uterus". Arch. int. Pharm. Therap. 
26, 103, 1932. 

199« Jendrassik, L., and Annau, E. - "Beitrage zu einer Pharmakologie 
der Konzentrationsanderungen. III. Weitere 
Versuche uber Kationenwirkungen". Biochem. Z., 
162, 207, 1925. 

200. Hogben, L.T. - "Studies on the comparative physiology of con­
tractile tissue. I. The action of electrolytes 
on invertebrate muscle." Quart. J. Exper. Physiol., 
1£, 263, 1925. 

£01. Jannink, 3.H. - "The influence of potassium on the intestinal 
movements". Onderzoek. Physiol. Lab. Utrecht, 
£, 13, 1925. CA. 20, 14-62. 



-199 

202. Burridge, W. - "An inquiry into some chemical factors of fatigue". 
J. Physiol., 4l, 235, 1910. 

203. Fenn, W.O., Wilde, W.S., Boak, H.A. and Koenemann, R.H. - "The 
effect of blood flow on potassium liberation from 
muscle". Am. J. Physiol., 123, 139, 1939. 

204-. Hegnauer, A.H., Fenn, W.O. and Cobb, D.M. - "Cause of rise in oxygen 
consumption of frog muscle in excess of potassium". 
J. Cell, and Comp. Physiol., 4^ 505, 1934-. 

205. Carleton, B.H., Blair, H.A. and Latchford, W.B. - "Effects of chlorides 
of potassium, calcium and sodium on the excitability 
of muscle". J. Cell, and Comp. Physiol., L2, 223, 
1933. 

8O6. Lapicque, M. and Nattan-Larrier, M. - "Actions antagonistes du calcium et 
du potassium sur 1'imbibition et la chronaxie 
musculaire". Comp. rend. Soc de Biol., 94;, 303, 1926. 

207. Chao, I. - "Action of electrolytes on electrical stimulation of 
skeletal muscle". J. Cell, and Comp. Physiol., 6_, 

1, 1935-

203. Greisheimer, E. - "A quantitative study of the effects produced by 
salts of sodium, potassium, rubidium and calcium 
on motor nerve of frog". Am. J. Physiol., 4^, 4-97, 

1919. 

i09. Hoeber, R. and Strohe, H. - "Uber den Einfluss von Salzen auf die 
elektrotonischen strome die Erregbarkeit und das 
Ruhepotential des Nerven". Arch. f. d. ges. Physiol., 
222, 71, 1929. 

210. Rosenberg, H. and Kitayama, K. - "Untersuchungen uber Nervenaktions-
strome, das Verhalten der Negativitatswelle bei 
Uberschuss von Kalium- und Calciumionen". Arch, f. 
d. ges. Physiol., 22j>, 602, 1929. 

211\ Hooker, D.R. - "Saline perfusion of the respiratory center in frogs: 
the effect of calcium chloride and potassium chloride". 
J. Pharmacol. & Exper. Therap., 4^ 4-4-3, 1913* 

212. Heinekamp, W.J.R. - "The action of potassium salts on the medulla as 
shown by perfusion of the medulla of the terrapin 
(pseudomys troosti) with potassium salts". J. 
Pharmacol. & Exper. Therap., 1£, 239, 1921. 



200 

213. Mullin, F.J., Hastings, A.B., and Lees, fijl. - "Neuromuscular 
responses to variations in calcium and potassium 
concentrations in the cerebrospinal fluid". 
Am. J. Physiol., 121, 719, 1933. 

214-. Walker, S.M. - "Enhancement and depression of neuromuscular trans­
mission by intraarterial injection of potassium 
chloride in the dog". Proc. Soc. Exper. Biol. 
& Med., 6^, 4-25, 19^7. 

215. Feldberg, W. and Vartiainen, A. - "Further observations on the 
physiology and pharmacology of a sympathetic 
ganglion". J. Physiol., 3^, 103, 1934-. 

216. Brown, G.L. and Feldberg, W. - "The action of potassium on the 
superior cervical ganglion of the cat". J. Physiol., 
36, 290, 1936. 

217. Braun, L. - "Ueber die Wirkung des Kalisalze auf das Herz und die 
Gefaesse von Saeugethieren". Arch, f. d. ges. 
Physiol., 103, 4-76, 1904-. 

213. Camp, W.J. - "Potentiation of digitalis action by epinephrine 
and potassium". Arch. int. de Pharmacodyn. et 
de Therap., 6l, 60, 1939. 

219. Boehm, R. - "Ueber das Verhalten des isolierten Froschherzens 
bei reiner Salzdialt". Arch. f. exper. Path. u. 
Pharmakol., 2£, 230, 1914-. 

220. Cicardo, V.H. and Marenzi, A.D. - "Variaciones de excitabilidad 
y -permeabilidad de los corazones de los sapos a 
los iones potasio, sodio y calcio'!. Rev. Soc. 
Argen. Biol., ]>, 59, 1933. 

221. Hegnauer, A.H. - "Injury potential, oxygen consumption, and 
irritability in frog muscle as affected by 
potassium". Am. J. Physiol., 105, 4-7, 1933. 

222. Beznak, A.^.L. - "On the mechanism of the autacoid function of 
parasympathetic nerves". J. Physiol., 3£, 129, 

193^. 

223. Dawes, G.S. - "The v a s o - d i l a t o r ac t ion of potassium1 ' . J . Phys io l . , 
22, 224-, 194-1. 

224-. Mann, P.J., Tannenbaum, M. and Q,uastel, J.H. - "Acetylcholine 
metabolism in the central nervous system. The 
effects of potassium and other cations on acetyl­
choline liberation". Biochem. J., ^3, 322, 19^9* 



201 

225i Ferguson, J. - "A study of the nerve-free smooth muscle of the 
amnion of the chickn. Am. J. Physiol., 131, 
52^, 194-0. 

226. Vogt, M. - "The site of action of some drugs causing stimulation 
of the circular coat of the rabbits intestine". 
J. Physiol., 102, 170, 194-3. 

227. Eichholtz, F., and Starling, E.H. - "The action of inorganic 
salts on the secretion of isolated kidney". 
Proc Roy. Soc B, 93_, 93, 1925. 

223. Cicardo, V.H. - "Liberacion de potassio durante la contraccion 
del estomago". Rev. Soc. Argent. Biol., 1^, 3l, 
194-1. 

229. Cicardo, V.H. - "Desprendimiento de potasio por las mucosas 

excitadas". Rev. Soc. Argent. Biol., l^, 271, 
19^3. 

230. Fenn, W.C - "Factors affecting the loss of potassium from 
stimulated muscles". Am. J. Physiol., 124-, 213, 

1939-

231. Heppel, L.A. - "Effect of age and diet on electrolyte changes 
in rat muscle during stimulation". Am. J. 
Physiol., 12^, 44o, 194-0. 

232. Alvarez, W.C. and Hosoi, K. - "The latent period of intestinal 
muscle". Am. J. Physiol., 3£, 201, 1929. 

233. Alvarez, W.C, and Freedlander, B.L. - "The rate of progress 

of food residues through the bowel". J.A.I.l.A., 

33, 576, 192^. 

ij4-, Wangensteen, O.H. - "Intestinal obstructions. A Physiological 
and Clinical Consideration with Emphasis on 
Therapy; including Description of Operative 
Procedures". Springfield, Illinois, C C . Thomas, 

19^5. 

235. Noonan, T.R., Fenn, 'J.O., and Haege, L. - "The distribution of 
radioactive potassium in rats". Am. J. Physiol. 
132, U7U, 19U1. 

£36. Fenn, W#0.5 Noonan, T.R. and Haege, L. - "The exchange of radio­
active -potassium with body potassium". Am. J. 
Physiol". 135, lii9, 19U2. 



202 

237. Martin, G.J., Thompson, M.R# and Carvajal-Forero, J.de - "The 
influence of single and multiple B, complex 
deficiencies upon the motility of the gastro­
intestinal tract". Am. J. Dig. Dis. £, 268, 19U0. 

238. de Beer, E.J., Johnston, C.G. and Wilson, D."i7. - "The composition 
of intestinal secretions". J. Biol. Chem. 108, 113, 
1935. 

239. Harrison, K.E., Tompsett, R.R. and Barr, D.P. - "The serum 
potassium in two cases of sprue". Proc. Soc. 
Exp. Biol. & L'led. 5U, 3lU, 19U3. 

2U0. Harrison, H.E., Harrison, H,C, Tompsett, R.R. and Barr, D.P. -
"Potassium deficiency/- in a case of lympho-sarcoma 
with the sprue syndrome". Am. J. Ired. £, 131, 19U7. 

2Ul. Golden, R. - "Abnormalities of the small intestine in nutritional 
disturbances: some observations on their physio­
logical basis". Radiol. 36, 262, 19Ul. 

2I4.2. Boyer.y P.D., Lardy, II.A. and Phillips, P.H. - "The role of potassium 
in muscle phosphorylations". J. Biol. Chem. li|6, 
673, 19U2/ 

2U3. Boyer, P.D., Lardy, II.A. and Phillips, F.K. - "Further studies 
on the role of potassium and other ions in the 
ohosnhorylation of the adenylic system1]. J. Biol. 
Chem'. 1U9,19U3. 






