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HISTORICAL diNIm OF THE DEVELOPMENT OF THE CONCEPT 05' LIPOiROPISM 

Shortly after the production of experimental diabetes by von Mering 

and Minkowski in 1889 it was noted that the pancreatectomized dog manifested 

not only impairment of carbohydrate metabolism but evidence of altered fat 

metabolism as well with a tendency to deposit fat in the liver. 

Sandmeyer in 1895 demonstrated the beneficial effect of feeding raw pancreas 

in the amelioration of this complication and postulated that the presence of 

certain digestive enzymes of the pancreas was essential for the prolonged 

survival of dogs after pancreatectomy. 

In 1921 Banting and Best sacrificed dogs which had been kept alive for 

10 weeks with insulin and remarked on the fatty changes in the livers. Long 

term studies from this laboratory were reported in 19̂ <± by Allan, Bowie, Macleod 

and Robinson who found that fatty livers developed in pancreatectomized dogs 

maintained with insulin after periods ranging from one to seven months. Having 

considered and then discounted a possible toxic effect from the tricresol 

preservative in the insulin, they concluded: 'In some way or other the continued 

absence of the pancreas leads to a pathological condition of the liver cells and 

as a result fat accumulates in them.1 They restated the suggestion made by 

Sandmeyer 30 years earlier that pancreatectomy deprives the animal of some 

enzyme required for the mobilization of fat. ihey began feeding their dogs 

supplements of raw pancreas and noted a disappearance of the manifestations 

of increased liver fat. 

Almost simultaneously Fisher in Chicago reported that the survival of 

pancreatectomized dogs appeared to be related to the degree of regeneration of 

the pancreatic stump. However, he concluded, 'The marked defeneration of the 
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liver and the extreme arterial sclerosis developing in dô ?s on long insulin 

management indicates either diabetic processes not controlled by insulin, chronic 

toxic action of insulin itself, or such toxic action of other substances in the 

insulin mixture.1 

In 1931 Hershey and Soskin demonstrated that the fatty liver of pancreat­

ectomized dogs could be prevented as effectively by feeding crude egg yolk 

lecithin as by feeding minced pancreas. 

Research on the nature of these fat-mobilizing substances was facilitated 

by the discovery that fatty livers could be produced in rats by dietary means. 

In 1932 Best, Hershey and Huntsman showed that the fatty liv^r which develops 

in these animals on a lean meat and sugar diet could be prevented or alleviated 

by the use of the choline moeity of the lecithin molecule in amounts as small 

as 1.0 mg. per rat per dav. Choline was later shown to be equally effective in 

the prevention and treatment of the fatty livers of pancreatectomized dogs 

maintained with insulin. 

Best and Huntsman (1932) demonstrated the effectiveness of naturally-

occurring choline in retarding or preventing the development of fatty livers 

in experimental animals and speculated that choline mi ht be a dietary essential 

for the rat. Its lipotropic effect was subsequently demonstrated in various 

other species in protection against fatty livers of dietary and toxic origin. 

In 1935 Ohannon and Wilkinson noted that the ability of a diet to induce 

fatty livers was inv rsely proportional to its protein content provided that 

the choline intake was maintained at a constant suboptimum level. This suggested 

that certain amino acids might be converted into choline or betaine by methylation 

in the tissues. Simultaneously this effect of dietary protein was being studied 

in Toronto by Best, Mawson, McHenry and Ridout (1936) who found that 1.0 gm. of 
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protein exerted about the same erfect as 5 - 6 mg. of choline. 

Tucker and Eckstein (1937) simplified the problem somewhat when they 

demonstrated that the lipotropic effect of proteins was largely inherent in 

their methionine content but the interrelations between choline and methionine 

remained puzzling until du Vigneaud developed the concert of transmethylation. 

In 1936 Best, Crant and xvidout introduced the te on f lipotropic' to 

describe the effect of choline and related substances in the prevention and 

amelioration of fatty livers in animals. At this time it wes generally considered 

that choline accounted for the anti-fatty liver activity of the pancreas. 

However in 19o6 van Prohaska, Dragstedt and Harms reported the extraction of 

'lipocaic1 a so-called fat-metabolizing hormone occurring in pancreatic extracts 

and showing activity in amounts so small as to preclude the likelihood that its 

effect was due to contained choline. 

Almost simultaneously c^aikoff and Kaplan reported that they had 

discovered an 'anti-fatty liver factor* in the external secretion of the pancreas. 

The nature of 'lipocaic* still remains in doubt but the active ingredients of 

Chaikofffs extract appear from recent work to be protein-splitting enzymes. 

In 1941 C-avin end McHenry reported that inositol exerted a lipotropic 

effect under certain conditions. Since inositol is probably one of the less 

important lipotropic factors it will be considered briefly and finally in the 

following section. 
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INOSITOL 

Inos i to l i s a hexahydroxycyclohexane comparable to the cyclic form of 

glucose. I t i s a water-soluble, sweet-tasting c rys ta l l ine compound suff icient ly 

stable to r e s i s t strong acid and a lka l i treatment. The biological ly active 

form i s one of the opt ical ly inactive forms called meso-inositol which has a 

molecular weight of 216 and the following stereochemical s t ruc tu re : -

H H 
C C 

H / o o' 
0 / H H \ H 
c c 
H\ H / 0 

H 0 / H 
Ĉ / 
0 H 
H 

Inositol was first isolated from meat by Scherer in 1850 and has long 

been considered by chemists to be a substance intermediate between carbohydrates 

and aromatic compounds, because on one hand it has the same empirical formulae, 

taste 8nd solubility as glucose and on the other hand is readily oxidized to a 

typical aromatic compound, tetrahydroxyquinone. Fisher (1945) has summarized 

his work demonstrating the interconvertibility of inositol and glucose, proving 

that glucose can be cyclized to from inositol, and conversely, that cleavage 

of the inositol ring gives rise to d-glucose. 

Inositol is found widely distributed in plants and animals in an average 

concentration of 0.05 - 0.5%. Beef heart, the richest source, contains 1.6% 

inositol. Of many naturally-occurring forms only meso-inositol possesses 

nutritional activity. 
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This isomer occurs naturally in at least four forms: 

Free inositol 

Phytin 

Lipositol 

Combined Inositol 

Meso-inositol 

The calcium and magnesium 
salt of inositol hexa-
phosphate. 

A phospholipid complex 
containing inositol mono­
phosphate linked to galactose 
and combined with ethanol-
amine, tartaric acid, oleic 
acid and various saturated 
fatty acids. 

A water-soluble, non-
dialyzable complex. 

Plants and animals. 

Cereal grains, seeds, 
erythrocytes of 
chickens and turtles. 

Phospholipids in plant 
and animal tissues, in 
tubercle bacillus, soy 
beans, cephalin of the 
brain and spinal cord. 

Liver, heart and most 
other animal tissues. 

Biological Functions of Inositol: 

Earlier studies on this substance were concerned with its possible gluco­

genic function, and considerable evidence suggests that inositol is a reserve 

form of carbohydrate in certain species such as the shark and particularly in 

certain organs such as heart muscle (Winter,1944). By means of isotope 

tracers Stetten and Stetten (1946) showed that about 7% of inositol fed to 

phlorizinized rats was converted to glucose. 

Vitamin-like activity was not attributed to inositol until 1928 when fbios I* 

was identified as inactive inositol by Sastcott. It was shown to be a dietary 

essential for mice by Wooley in 1940, the deficiency sysndrome being characterized 

by alopecia. In rats, the 'spectacled eye' syndrome, so called because of 

peri-orbital alopecia and exudation, was attributed to inositol deficiency by 

Pavcek and Brown (I9<rl) and was prevented and cured by the feeding of this vitamin 

In 1941 Cavin and McHenry reported the lipotropic action of inositol in the 

prevention of the 'biotin fatty liver* of rats and in this respect it was said 

to resemble TlipocaicT since it prevented the accumulation of both cholesterol 

and triglycerides. 
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The possibility that inositol was the active principle of *lipocaic* 

was explored but evidence adduced from work on dogs indicated *lipccaic* was 

more active than an equal amount of inositol. Furthermore, inositol exerts 

strictly a lipotropic effect on pancreatectomized dogs, and unlike 'lipocaic* 

fails to influence the survival time, the increased insulin tolerance or the 

loss of body fat — features considered by Dragstedt to be 'lipocaic deficiency* 

manifestations. (Owens, Allen, Stringer and Dragstedt, 1941; Rubin and Ralli, 

1941). In therapeutic trials in man Abels, Kupel, Pack and Rhoads (1943) 

demonstrated an apparent lipotropic effect of 'lipocaic* in the prevention of 

fatty livers in patients with carcinoma of the pastro-intestinal tract. An 

amount of inositol equivalent to that occurring in a corresponding dose of 

'lipocaic* proved equally efficacious according to their observations. 

Engel (I94t2b) induced fatty livers in rats by manipulations of the 

proportions of thiamine, riboflavin, pyridoxine, pantothenic &cid, corn oil and 

choline in the diets. He found a maximum lipotropic effect from choline at a 

level of 10 mg. per rat per day but fatty livers were not completely cured 

unless a supplement of 3 mg. of inositol ws.& provided. It was his opinion that 

pyridoxine was also required for the full effect of choline. 

The possibility that inositol could exert its lipotropic effect only in 

the presence of certain fatty acids was -xplored by Beveridge in 1944. 

Unexpectedly he found that while the addition of corn oil enhanced the lipotropic 

action of choline, presumably by supplying fatty acids for phospholipid synthesis, 

it obliterated the lipotropic effect of inositol. 

Handler (1946) confirmed the lipotropic effect of inositol in the so-called 

*biotin fatty-liver* and in a type of 'fat fatty liver* of rats. However, if the 

experiment were carried on more than 24 days there was such a decline in 
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growth rate as a result of the dietary restrictions that the demand for lipotropic 

factors fell and the supply of inositol from synthesis by the intestinal flora 

became sufficient for the animals' requii/ernsnts. Under these conditions choline 

alone sufficed to prevent fatty livers. However, if the synthesis of inositol 

by intestinal bacteria was inhibited by succinylsulphathiozcle, dietary supplements 

of inositol again became necessary. Handler confirmed Eng2lfs observations on 

the inhibition of inositol by unsaturated fatty acids, but failed to find 

evidence to support the contention of McHenry that inositol exerts selective 

activity for cholesterol esters rather than triglycerides. Forbes (1943) and 

Beveridge and Lucas (1945) likewise failed to note any such effect. 

McHenry*s group have continued in their efforts to devise dietary conditions 

which will produce 'cholesterol* fatty livers sensitive to inositol but resistant 

to choline. MacFarland and McHenry (1945) modified earlier opinions regarding 

the insensitivity of the 'biotin fatty liver' to choline and point out that the 

type of experimental fatty liver that resists choline and is sensitive to 

'lipocaic' and inositol is that induced by feeding a beef liver fraction to rats 

on high carbohydrate, fat-free diet. Confusion arose from the fact that this 

type had previously been designated as the 'biotin fatty liver' wnereas the true 

biotin fatty liver requires both choline and inositol for its prevention. These 

authors found that the addition of thiamine alone to the basal diets produced 

fatty livers responsive to choline (confirmed by Handler,1946), while the 

addition of other B vitamins such as in crude beef liver fraction, liver fraction 

eluate or biotin and folic acid resulted in fatty livers resistent to choline. 

McHenry admits, as Handler suggested, that the effect of dietary manipulations 

on the lipotropic action of inositol nay be partly mediated through the altered 

nutritional status of the animals. However, he maintains that there is also a 

specific factor in the vitamin B supplements. 
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The mechanism of the lipotropic effect cf inositol has been the subject 

of speculation. Attributing to it an action parallel to that of choline, 

McHenry and Patterson (1944) postulated that inositol was incorporated into 

certain phospholipids. Inositol-containing phospholipids have been isolated 

from bacteria and plants (Anderson et al, 1930,1938) and from animal tissues 

(Folch and Wooley,1942), but there is no evidence that inositol-containing 

phospholipids are implicated in conditions of altered metabolism in either 

animals or man. 

To confuse the matter more thoroughly Ralli and Rubin (1942) have shown that 

inositol is the anti-lipotrepic or lipogenic agent in dried liver or aqueous 

extracts of liver which has been repeatedly found since 1931 (Bollman and Mann) 

to induce fatty livers in animals. 

In summary then, inositol appears to be lipotropic only under certain 

rigidly controlled conditions in certain species and in any case is active 

only when fat is absent from the diet. These limitations seem to relegate 

this substance to a relatively unimportant role as a lipotropic agent in man. 
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LIPOTROPIC SUBSTANCES OF THE PANCRHuiS 

Shortly after the discovery of insulin it was noted by several workers 

that this did not constitute complete replacement therapy for depancreatized 

dogs since they developed fatty livers and other deficiency manifestations unless 

a dietary supplement of raw pancreas was fed. 

Ljpocaic: 

In 1934 Dragstedt states that the interest of his group in Chicago was 

directed to the external secretion of the pancreas by the theory of Boldyreff (1934) 

that 'removal from the animal or human body of the external secretion of the 

pancreas leads to diabetes, hence the direct conclusion to treat diabetes by the 

introduction of pancreatic juice.* Repeated observations in many laboratories 

that pancreatic fistula does not lead to glycosuria or diabetes mi<?ht be considered 

to have settled this question were it not for the fsct that the usual technique 

for producing pancreatic fistuJa in dogs does not deprive the animal of all 

pancreatic juice due to the presence of accessory email ducts. 

Dragstedt, Montgomery and Etlis (1930) had devised a method of isolating 

a pouch of duodenum into wnich the ducts drainer? and from which pancreatic juice 

was continuously withdrawn by suction. By the use of such a fistula, Dragstedt, 

Von Prohaska and Harms, (1936,1936a) found that removal of pancreatic juice from 

dogs did not produce diabetes or lead to fa~ty livers and conversely feeding the 

external secretion to another group of depancreatized dogs did not releive the 

'diabetes or the tendency to develop fatty livers. 

They concluded therefore that the substance in raw pancreas which was 

lipotropic was not found in pancreatic juice and hence must be an internal secret ion* 
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They proceeded to fractionate extracts of pancreas and described the preparation 

of a fat-free alcoholic extract of beef pancreas which was said to contain a new 

'fat-metabolizing hormone of the pancreas, 'lipocaic". 

This substance was said to be effective in amounts so small as to preclude 

the possibility that its action was due to the contained lecithin or choline. 

Further evidence offered in support of this point was the finding that the 

feeding of other lecithin-rich viscera such as brain was not effective. The 

development of anorexia, apathy, weight loss, decreesed glucose excretion and 

fatty livers in depancreatized dogs was attributed to 'lipocaic deficiency' 

and treatment with lipocaic was said to effect a reversal of these complications. 

Since Dragstedt described 'lipocaic', the nature of this substance has been 

the subject of lively controversy and much experimental effort. It is perhaps 

desirable then to present coincie.ently with Dragstedt's evidence the opposing 

views of Chaikoff and others. 

Dragstedt's method of collecting pancreatic juice in a duodenal pouch has 

been criticized by Entenman, Chaikoff and Montgomery (1944) as permitting 

reabsorption of some of the external secretion. Dragstedt's criterion of effect­

iveness, i.e. histological examination of liver biopsies, has been widely 

criticized particularly by Chaikoff and Kaplan (1937) who took the trouble to 

prove that the lipid content of liver tissue varies widely from lobe to lobe, 

and even in adjacent areas of the same lobe. Exactly the opposite finding was 

later reported by Dragstedt, Vermeulen, Donovan and C-ê r (1939) who found only 

slight difference in fat concentration from lobe to lobe and good correlation 

between comparative chemical ^nd histological determinations. 

The fact that feeding lecithin-rich brain did not prevent fatty livers 

proves nothing, since brain is also rich in cholesterol which is well known to 

promote fatty livers. (0key,1934). The same objection holds for the failure of 
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raw liver to prevent 'lipocaic deficiency' since McHenry and G-avin (1940) showed 

that feeding liver extracts produces fatty livers regardless of the cholesterol 

content. 

Frame (1942) criticizes the interpretation of the data from which Dragstedt 

initially concluded that choline was not the active principle of 'lipocaic'. 

Entenman, Montgomery and Chaikoff (194-4) conclude that 'lipocaic' is a 'poor source 

of the anti-fatty liver factor of the pancreas' since an amount equivalent to 100 gm. 

of pancreas per day per dog does not prev.nt the development of fatty livers. 

In the dietary fattv liver of rats Shapiro and Wertheimer (1937) and 

Channon, Loach and Tristam (1933) found that the activity of pancreatic extract 

could not be accounted for by the contained choline, while Aylward and Holt (1937), 

MacKay and Barnes (1938) and Best and Ridout (1938) found no effect from 'lipocaic' 

in rats which could not be predicted from the choline content. In short, a 

decision on the lipotropic action of pancreatic extracts in dietary fatty livers 

must aweit further investigation. 

In 1939 Dragstedt, Vermeulen, Goodpasture, Donovan and Geer review the 

literature relative to fatty livers and diabetes and cite 2 cases of hepatomegaly 

in diabetic children which regressed on treatment with lipocaic and returned on 

cessation of therapy (Urayzel and Radwin,1933). However, Marble, vvhite, Bogan 

and Smith (1933) review 60 cases of hepatomegaly in 1,077 children in loslin's 

clinic and conclude that fatty liver in diabetics is indicative of poor control 

and is amenable to insulin therapy alone. It would seem lively that the fatty 

liv°r of human diabetics is analagous to the fatty liver of insulin deficiency 

in dogs which occurs rapidly and acutely after pancreatectomy, is associated with 

ketoneriia and is not amenable to lipocaic therapy. (Dragstedt, ̂ llen, Julian and 

Singer, 19el). 
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In 1940 Dragstedt made the interesting observation that dogs maintained 

on insulin for 8 months during which time fatty livers were repeatedly allowed to 

develop, showed marked arteriosclerotic lesions. In this review he reiterates 

his belief that 'lipocaic' is a hormone. McHenry and Patterson (1942) point 

out that the long latent period before symptoms develop is more typical of a 

dietary lack rather than a hormonal deficiency. 

Noting the similarity between 'lipocaic deficiency* signs and those 

produced by injection of anterior pituitary hormone (Burn and Ling,1930) led to 

experiments by Julian, Clark, Van Prohaska, Vermeulen and Dragstedt (1942) 

showing that 'lipocaic* protected, guinea pigs from the fatty livers that follow 

injections of *antericr pituitary ketogenic hormone*. They theorize that this 

hormone controls the body fat to liver fat transfer (but only in part since Houssay 

dogs develop fatty livers) while 'lipocaic' controls the liver fat to body fat 

transfer. 

Anti-fatty liver Fraction of Pancreas (Chaikoff): 

Somewhat before the report on 'lipocaic1 by Dragstedt, Chaikoff's group 

in California began publishing a series of papers (Chaikoff and iCaplan,1935) and 

^Kaplan and Chaikoff, 1937) describing similar studies on a lipotropic principle 

of pancreas which occurred in the external secretion. It was composed of a heat-

stable fraction (later shown to be choline by Entenman and Chaikoff in 1944) and a 

heat-labile fraction which had the effect of raising the lowered blood lipids 

and decreasing the elevated liver lipids of depancreatized dogs maintained on 

insulin. 'Lipocaic' failed to prevent this f*ll of blood lipids after pancreat­

ectomy, (Entenman, Montgomery and Chaikoff ,1944). One gram per day of extract 'AR' 

(a dried, defatted fraction derived from 5.5 gm. of fresh gland) was found to 

prevent the development of fatty livers although it contained only 13 mg. of choline 
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That the active principle occurred in the external secretion was inferred 

from the findings of Berg and Zueker (1931), Ralli, Rubin and Present (1938) 

and Montgomery, Entenman and Chaikoff (1939) who reported that pancreatic 

duct ligation in dogs produced fatty liver in dogs indistinquishable from that 

following pancreatectomy. Chaikoff*s group found that it required 12 - 24 

w ;eks to develop which is considerable longer than Dragstedt observed his 

dogs. Coincidently +:hey noted a fall in blood lipids and at autopsy pancreatic 

atrophy was evident. 

This fall in blood lipids is corroborated by Dragstedt,• Donovan, Clark, 

Goodpasture and Vermeulen (1939). After pancreatectomy, the serum lipids rise 

for the first week, then fall to half the normal values as fatty livers and 

'other signs of lipocaic deficiency' develop. Oral 'lipocaic' was stated to 

correct this hypolipemia in less than a week and maintain the blood fat at 

normal levels. Unfortunately phospholipids were not determined on this series. 

Entenman, Chaikoff and Montgomery (194-0) found that raw pancreas prevented 

both the fall in blood lipids and the fatty livers while 2.0 gm. of choline per 

day would prevent the fatty liver3 but did not prevent the drop in blood lipids. 

Montgomery, Entenman and Chaikoff (1939) and Entenman, Chaikoff, Mont­

gomery and Laurence (1941) then fed pancreatic juice and noted that 400 ml. 

per day restored to normal or prevented the fall of blood lipids. Montgomery 

et al (1940; 1941) showed that this treatment prevented the increase in liver 

fat in both the duct-ligated and depancreatized dog. In criticism of this 

work of Chaikoff *s group it should be noted that between pancreatectomy :end 

commencement of treatment with pancreatic juice the dogs were fed 125 gm. of 

raw pancreas per day until a vigorous appetite appeared (Dragstedt considers 

loss of appetite a manifestation of 'lipocaic deficiency'). In this period of 

from 3 - 8 weeks it is possible that the animals built up a store of the 

active principle. 
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Chaikoff's group have continued systematic studies to elucidate the 

nature of the anti-fatty liver factor. It appeared to be associated with 

choline metabolism as reflected in the rise in serum phospholipids, most of 

which are of the choline-cortaining type and contain about 9?% of the total 

serum choline. (Taurog, Entenman and Chaikoff, 1944). They stress the role 

of phospholipids as vehicles for the transport of choline as well as fat. 

Their purified fraction '27C1 was found to be effective at a level of 6C mg. 

per day while at least 3L0 mg. of choline is required for the same effect. 

(Chaikoff, Entenman and Montgomery, 1945), Later, they sliced that in the 

depancreatized or duct-ligated dog, free methionine or hydrol̂ rzed casein 

prevented the development of fatty livers while unlrydrolyzsd casein or 

lean rmat containing en equivalant amount of methionine did not. 

Since presumably there is no interference with the synthesis of choline 

from methionine in the d pencreatized dog, it appeared that the anti-fatty 

liver factor was concerned with the liberation of methionine from proteins 

in the intestine, and hence was p obably enzymatic in nature. (Chaikoff, 

Entenman and Montgomery, 1945). It is interesting that this concept was 

held by S-endmeyer in 1895 and Allen, Bowie, Macleod and Robinson in 1924. 

In 1946 Best reported on the work of Pt liner in his laboratory on the 

nature of the enzymes in Chaikoff *s anti-fatty liver fraction. Palmer did 

isolate and identify trypsinogen and chymotrypsin 'in fair yield' but whether 

either is identical with the active principle remains to be established. 

Thus it is seen that the results of Rtlli's group and Cnaikoff's 

group on one hand and Dragstedt's group on the other are diametrically 

opposed. If one accepts Chaikofffs rather convincing evidence for the 

existence of the factor in the external secretion this can best be reconciled 

with Dragstedt's findings by considering the possibility that the active 
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principle is the same in both cases. If one further admits the difficulty 

in collecting all pancreatic juice before some is reabsorbed, and realizes 

that different types of fatty livers develop depending on the species, age 

and diet of the animal, the chief source of contention is limited to the 

mechenism by which the active principle leaves the pancreas. 

It can be said in summary that consideration of the available information 

suggests that choline is the final common substance through which betaine, 

methionine, proteins and pancreatic extracts exert their lipotropic effect. 
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METHIONINE **ND OTTJER METHYL DONORS 

METHIONINE 

Meth ion ine was d i s cove red i n meat i n f u s i o n s by Muel le r i n 1921 

and l a t e r s t u d i e s by t h i s au tho r (1921a, 1922, 1923 and 1924) i n d i c a t e d 

t h a t i t con ta ined a s t a b l e su lphur and n i t r o g e n only i n amino form. 

Barge r and Coyne (1928) deduced t h e formula and syn thes i zed m e t h i o n i n e . 

Formula — Meth ion ine i s c n s m i c a l l y des igna ted a s cC-amino Y^methyl thiol 

n - b u t y r i c ac id and has t h e fo l l owing formula: 

CH„S.CH0CH0CH - COOH 

NHo 

P r o p e r t i e s — d l - m e t n i o n i n e occurs as w h i t e , c r y s t a l l i n e p l a t e l e t s 

or as a powder having a f a i n t odour. Like o t h e r prune a c i d s i t has 

no w e l l - d e f i n e d m e l t i n g p o i n t but undergoes decompensation and l i q u e f a c t i o n 

between 270 - 280°C # I ts solubility in gms. per 100 mis. of water is 

1.82 at 0°; 3.4 at 25°; and 17.6 at 100°. It i3 soluble in dilute acids 

and alkalis, very slightly soluble in alcohol and practically insoluble 

in ether. 

Methionine was established as one of the 10 amino acids essential 

for the growth of rats (Rose et al, 1936) and of dogs (Rose and Rice, 1939). 

Unlike some of the essential amino acids, both optical isomers of methionine 

are utilized. (Schmidt, 1944). 

Metabolism — Methionine occurs fairly widely in animal and vegetable 

proteins. The percentage composition of sone copinion sources is: Casein 

3.4; laotalbumin 2.6; egg albumin 4.6; wheat gliadin 2.1. ('Proteins and 

Amino Acids*, 1944), After being freed by the action of proteolytic 

enzymes on ingested proteins, methionine is absorbed into the blood where 
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it is found as 'free' methionine in an average concentration of about 

0.85 mg.ŷ . (Silver, 1948). The studies of Horowitz (1947) using 

Neurospora mutants suggest that methionine can be synthesized from 

cystine via cystathionine and homocystine, and the findings of Teas, 

Horowitz and Fling (1948) indicate that in Neurospora homoserine can 

act as a precursor of methionine the reaction progressing via. threonine, 

cystathionine and homocystine. Evidence for these syntheses in mammals 

is not availab3.e but the synthesis of methionine 037- methvlation of homo­

cystine was indicated in rat growth experiments by du Vigneaud, Chandler, 

Conn and Brown (1940), and by deuterium labelling, (du Vigneaud, Chandler 

and Meyer, 1941). 

The fate of methionine after absorption is not yet well elucidated. 

lifter intravenous injection of 1.5 gm. of methionine Kinsell et al (1948) 

found a rapid rise in blood level from a fasting 0.75 mg. to over 3.0 mg.0/? 

at 15 minutes and a subsequent -gradual fall to 1.0 m£:.% at 3 hours. Only 

1/4 of the injected dose remained in the blood a few minutes after inject­

ion. They found that urinary excretion of the 1-form was negligible 

but that excretion of d-methionine was roughly proportional to the blood 

level. 

In general, methionine is utilized (a) as the intact molecule for 

the synthesis of bodv protein lb) as a source of dietary sulphur and 

(c) as a methyl donor. These functions of methionine and the inter­

relationships of this substance with cystine and choline will be elaborated 

upon in a later section. 

The Lipotropic action of Proteins — Not long after the inception of 

studies on dietary fatty livers in rats, Best and Huntsman (1934) noted 

that replacing 20fo of the carbohydrate fraction of the diet with casein 

protected the animals against the development of increased liver fat. 
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This was confirmed by Channon and Wilkinson (1935) who found that adult 

rats on a 40/t fat diet did not develop fatty livers if 20 - 3($> of the 

calories were supplied by casein. It was later shown that casein also 

had a lipotropic effect on the dietary fatty liver of rats produced by 

20#> fat - 2/'c cholesterol feeding, i.e. the so-called 'cholesterol fatty 

liver'• 

In 1936 Best, Crant and itidout found that casein exerted its maximal 

lipotropic effect at 30?fc of the diet. They also demonstrated that egg 

white protein and powdered beef muscle had similar activity but that 

gelatin was inactive lipotropicaily. However, Channon et al 11938aJ dem­

onstrated lipotropic action from zein, gelatin, gliadin, edestin, albumin 

and whole muscle protein in that order of potency. 

These findings suggested that the lipotropic effect of proteins 

resided in one or more of the amino so id components. Heeston and Channon 

(1936J tested leucine, glutamic acid, aspartic acid, serine, glycine and 

phenylalanine but found no lipotropic activity. Singel and Eckstein 

(1941) reported a similar study which indicated that djenkolic acid, 

valine, leucine, and iscleucine were inert. Alanine, proline, hydroxy-

proline and arginine were likewise vjithout lipotropic effect. 

'jintilrootrcpic' Substances — Several years before the concept of 

lipotropism was formulated, Curtis et al (1927) reported that a high 

cystine intake in the rat resulted in hemorrhage and necrosis in the 

kidneys and fatty changes and necrosis of the liver. In the course of 

testing various amino acids for their lipotropic activity, Beeston and 

Channon (1936) rediscovered this effect, noting that the addition of 

cystine to a low-protein, choline-free diet augmented the development 

of excess liver fat. Beeston, Channon and Piatt (1937) showed a similar 
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'antilipotropic' effect of cystine in 'cholesterol fatty liver' and 

in 1938 Channon, Loach and Tristam showed that homocystine was 'anti­

lipotropic', a finding confirmed by Singal and Eckstein (1939) who also 

reported a similar action of cysteine. 

Reports of the 'antilipotropic' effects of cystine led Tucker and 

Eckstein (1937) to look for comparable properties of methionine, an 

amino acid whose metabolic functions had been related to those of cystine. 

(Jackson and Block, 1931,1932: du Vigneaud and Dyer, 1937). Unexpectedly, 

the opposite effect was demonstrated, and a reduction of liver fat 

resulted from adding methionine to the diet to the extent of 0.5%. This 

lipotropic effect of methionine was confirmed by Channon, Manifold and 

Piatt (1938) and Best and Ridout (1940) who found that as little as 

0,125% methionine in the diet of rats prevented fatty livers and that 

tnis effect could be nullified by the simultaneous addition of 0.1% of 

cystine. 

The net lipotropic activity of the various proteins was now 

explained by Eckstein, Tucker et al (1938, 1940) as representing the 

balance between the constituent amounts of lipotropic methionine and 

'antilipotropic' cystine and to no othe^ factors. However, Best and 

Ridout (1940) showed that increasing the methionine content of diets 

to more than 0.5/* did not increase the lipotropic effect and Channon, 

Manifold and Piatt (1940) likewise concluded that apparently methionine 

was prevented from exerting its full lipotropic effect in the absence 

of some other factor, 

Treadwell, Grcothius and Eckstein (1942) reported that dietary 

methionine in the free state was lipotropically more active than casein 

containing an equivalent amount, presumably because the latter was largely 

utilized for protein synthesis as attested by the increased growth of 
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the casein-fed rats. Thi3 finding actually bolsters the opposing 

argument of Mulford and Griffith (1942) that the augmented growth of 

the animals increases the demand for lipotropic factors and thus leads 

to a relative deficiency. They point out that cystine, by providing 

needed dietary sulphur, permits more rapid growth and thereby increases 

the demand for lipotropic factors rather than exerting any specific 

'antilipotropic' action, AS a matter of fact, Miller, Rose and Whipple 

(1940) reported that in dogs cystine as well as methionine protected 

against liver damage from chloroform. Drill and Loomis (1946) showed 

that a protective effect from methionine against carbon tetrachloride 

liver damage in dogs could only be demonstrated if the animals were 

protein denleted. 

Beveridge, Lucas and 0'Grady (1944-) in attempting to reconcile 

these conflicting views, generalize in the opinion that the lipotropic 

action of dietary methionine is markedly influenced by the abundance or 

lack of other essential amino acids, and contrary to previous reports, 

state that free methionine and protein methionine have the same lipotropic 

potency, all other things being equal. 

The nutritional role of methionine is a triple one: it acts as a 'build­

ing stone' of tissues either per se or as a precursor of cystine; it is 

a source of dietary sulphur; it is a source of labile methyl groups for 

the formation of choline and the methyletion of other compounds. According 

to Best (1948) it is only through the methylation of choline precursors 

that methionine exerts its lipotropic effect. 

xi fourth action of methionine has been postulated: Dra^t, Sebrell 

and Lillie (1942), in a study of the hemorrhagic and necrotic lesions of 

rats produced by dietary means (Gyorgy and Goldblatt, 1941) found that 
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apparently cirrhosis, and hemorrhage and necrosis, were separate and 

distinct entities. They attributed to cystine and methionine a specific 

and direct action in prevention of the hemorrhage and necrosis whereas 

methionine must act through choline in the prevention of dietary fstty 

livers and fatty cirrhosis. Himsworth and Glynn (1944) corroborated 

this finding and working independently in Germany with low sulphur diets 

Hock and Fink (1943) made similar observations. However this hypothesis 

does not go unchallenged since other groups including Best's have failed 

to induce necrotic lesions with identical diets. 

iVicKittriok (1947) differentiated in a quantitative way between 

'essential' and 'replaceable* methionine and almost simultaneously 

Jul:es (1947) came to the conclusion that there was no sharp preferential 

affinity for methionine possessed by reactions relative to protein 

synthesis as opposed to reactions concerned with the transformation of 

methionine to produce choline. Although there is no general agreement 

on some aspects of this subject it is evident that nutritional adequacy 

particularly as regards amino acids is important in assessing the effect 

of lipotropic substances. 

Therapeutic 'Trials of Methionine in Human Disease -- Beattie and Marshall 

(1944, 1944a, 1944b) indicated equivocal results from the use of methionine 

in treatment of post-arsenical liver demage, while one case of carbon 

tetrachloride poisoning reported by Beattie zmti associates (1944d) was 

apparently favourably influenced by methionine. Eddy reported a few 

cases of carbon tetrachloride poisoning 11944) and trinitrotoluene poison­

ing (1944a; treated with a high protein diet and 4 - 6 gms. of methionine 

per, day, but in the absence of controls it is difficult to ascribe the 

beneficial results to the methionine itself. In a series of cases of 

infectious hepatitis, Wilson, Pollock and Harris (1945) found no demons-
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trable effect from the use of methionine en the course or severity of 

the disease, AS a result of a survey of the literature, The Council on 

Pharmacy and Chemistry of the American Medical association (1947) felt 

constrained to refuse recognition of the claims made for the clinical 

usefulness of methionine, tiowever in April of the following ys^v there 

was evidence of a softenin- in the editorial policy regarding methionine 

and in October the decision of the Council was reversed and methionine 

was accepted 'for its lipotropic activities'. 
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BETAINE 

The discovery of lipotropic activity for glycine-betaine by 

.best and Huntsman (1932) and its confirmation, (Chandler and du 

vigneaud, 1935; Channon and Smith, 1936; Welch and wielch, 1938) 

led to the investigation of at least 10 other betaines of which 

only alanine-betaine Melch and ..elch, 1933} and cystine-bet aine 

(Singal and Eckstein, 1'Hl) shewed any activity, that betaine acts 

simply as a methyl donor in this respect was later proven by tracer 

experiments. (Stetten, 1941a, 1941bJ. The effectiveness of betaine 

is only one-third t:\at of choline sag1 eeting that only one methyl 

group is available for tr^ns-methylotions. This indicates triat not 

ell methyl groups in biologically import ant ccr-pounds are available 

for trensmetl ylation, a point that is emphasized by the absence of 

lipotropic effect from creatine (methyl guanido acetic acid) or sarcosine 

(methylaminoacetic acid). 

Although the methyl group of sarcosine can be removed resulting 

in the farm- ti'on of glycine (Cordon and Jackson, 1935; Abbott and Lev/is, 

1939) the methyl group is apparently destroyed by oxidation and is not 

available for tra asm-thy lat ions, aa indicated by the lack of methyl-

donor effects, i.e., in vivo formation of methionine from homocystine 

(du Vigneaud, Chandler and Mover, 1939) and prevention of hemorrhagic 

kidneys in young rats (Griffith and Evans, 1942), Tnus a distinction is 

noted between 'demethylation' and 'transmethylation'. 

METHYL PURINES 

The weak lipotropic activity of caffeine, theobromine and theophylline 

presumably results from donation of methyl groups in the course of their 

metabolic degradation. (H©pPsl, PorterfieId and Peake, 1947). 

file://t:/at
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TkGû î METHYLATICN REACTIONS 

The interrelationships between choline, methionine and allied 

substances was the source of much controversy and confusion until 

du Vigneaud and collaborators elucidated the concept of transmethylation 

reactions. In 1932 Butz and du Vigneaud prepared homocystine by 

heating methionine with sulphuric acid and showed that it was capable 

of serving in lieu of cystine in promoting growth in msthionine-

deficient animals. Many studies were carried out between 1932 and 

1939 on homocjrstine and in the latter year du Vigneaud, Ayer and Kies 

reported that homocystine or cystine could not support growth unless 

certain sources of B vitamins were available. That choline was the 

active component of these B complex mixtures was shown by du Vigneaud, 

Chandler, Meyer and Kepael (1939), thereby suggesting that homocystine 

was converted to methionine by transfer of a methyl group su plied by 

choline, a hypothesis later proven by deuterium labelling, (du Vigneaud, 

C hand1e r and Me ye r, 1941). 

The same group demonstrated transfer of methyl groups from methionine 

to choline and creatine and postulated that the body was incapable of 

generating methyl groups which mus^ therefore be supplied in the diet 

in a biologically labile form such a^ occurs in methionine, betaine and 

choline. However in a later cowmunic-tion the possibility of limited 

synthesis of labile methyl groups by intestinal bacteria in the white 

rat is recognized, (du Vigneaud, ̂ immonds, Chandler and Conn, 1945). 
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CHOLINE 

Synonyms — Sincaline, Bilineurine, Amanitine, Gossypine, Vidine, 

Luridine, Fagine, trimethylaminoethanol, trimetlp/lhydroxyetliyl 

avnmonium hydroxide. 

Historical î ote — Choline was discovered by Strecker in 1349 in hog's 

bile, not a particularly rich source of the material. In 1862 he named 

the substance, described a technique for its purification and deduced 

the formula correctly excerjt for one molecule of water. 

In 1852 Von Ba'bo anc Hirschbrunn isolated choline from sinapin, a 

mustard s°ed alkaloid and in 1865 Liebreich isolated a base from hydro-

lyzed brain which he celled 'neurine' but which was, in reality, choline, 

infurtz in 1867 synthesized choline by two different methods: by warming 

t rime thy leonine -;rith ethylene chlorhydrin producing choline chloride; ̂>nd 

by treating concentrated aqueous trirr.ethylamine with ethylene oxide at 

room temperature yielding the free base. 

The acetic acid ester of choline first prepared by Baeyer in 1867 

remained only of chemical interest until the discovery, by Hunt and Taveau 

in 1902, of its great physiological activity. In 1914 both Ewins and Dale 

discovered acetylcholine in extracts of ergot and in 1929 Dale presented in 

the Croonian lectures the accumulated evidence for the existence of acety­

lcholine in anlaals and its role in the transmission of impulses in para­

sympathetic and other nerves. 

The role of choline-containing phospholipids as intermediaries in 

fat metabolism was postulated as early as 1891 by Loew (cited by Bloor, 

1943), who believed that lecithin was a soluble transportable form of 

the fats. This concept has been explored end extended by a number of 

workers in more modern times. 
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The role of choline as a lipotropic factor was established by Best 

and Huntsman in 1932 and a variety of other biological functions have 

been described since that time. 

Properties. Formula, etc. — Choline usually occurs as a syrupy mass 

due to its extreme hugrospocity but it can be obtained with difficulty 

in crystalline form. The crystals are colourless, odourless and have a 

bitter taste. 

Choline is a strong base which liberates ammonia from its salts 

and precipitates as hydroxides the s^lts of heavy metals. Its solutions 

dissolve fibrin and prevent the coagulation of proteins. 

Choline has a molecular weight of 121.13 and the following 

structural formula: 

CH OH 3\l 
CE—N-CH CH OH 

3 • 2 2 

CH3 

Solubility — Choline is soluble in water, formaldehyde, methyl 

and ethyl alcohol. It is insoluble in dry etnea, petroleum ether, benzene, 

toluene, carbon bisulphide or carbon tetrachloride. However, moist ether 

dissolves traces of choline and ether containing phospholipids may 

dissolve significant amounts. U-lein and Linser, 1932), 

Stability — On net-ting crystalline choline breeke. down to trimethy1-

amine, glycol and small amounts of dimetiiylaminoethanol without melting or 

distilling. Pure dry Choline decomposes even at 40 C. under reduced 

pressure. 

Dilute, aqueous solutions acted upon by bacteria may give rise to a 

poisonous base 'neurine' (vinyl trimetdvl arionium hydroxide), n/urtz (1368) 

and Nothaar-el (1894), found that aqueous solutions UP to 4$ were stable at 
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boiling temperatures and that the chloride was more stable to heat than 

the free base. Alkaline solutions are stable to prolonged boiling* On 

the other hand, evaporation of solutions of choline to dryness on a -ater 

is accompanied by losses which are roughly proportional to the concent­

ration; if the concentration is 0.3 mg. per ml. the loss is less than 10̂ >, 

but if the concentration is 10 micrograms per ml. the loss on evaporation 

is almost IQCffi. (Hoiaan, 19e0). although losses are less on evaporation in 

vacuo, they are still considerable. 

Pharmocolo-ically, choline has a muscarine effect (stimulation of 

parasympathetic nerve endings) and a nicotine eifect (stimulation and 

paralysis of autonomic ganglia). It produces a fall in blood pressure, 

slows the heart by vagal stimulation, stimulates gastric and intestinal 

peristalsis, increases lacrimal, salivary and other secretions. (Merck 

Index, 1940). 

Salts of Choline and Their Properties — The chloride, nitrate, sulphate, 

carbonate, acetate, oxalate and picrate are freely soluble in water and 

alcohol. 

The periodide, phosphotungstate, phospnogolybdate, reineckate and 

double salts with .pold chloride, platinum chloride and mercuric chloride 

are insoluble in water and this property has been exploited for the 

isolation of choline by several methods which will be mentioned later. 

The properties of these various salts are listed by Lucas and Best, 1943. 

Choline chloride, one of the more useful salts, has a molecular weight 

of 139.57 and the following formula: 

CI*3 01 

C ^ — N-CHgCHgGH 

C H 3 
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I t i s a co lor less , deliquescent, c rys ta l l ine compound with a f i sh-

like odour and a b i t t e r t a s t e . I t i s very soluble in water, ethyl and 

methyl alcohol and formaldehyde. I t i s l ess soluble (but more so than 

free choline) in acetone, chloroform and carbon te t rach lor ide . I t i s 

insoluble in ether , petroleum ether , benzene, toluene and. carbon disulphide. 

The aqueous solution i s p rac t ica l ly neu t ra l . 

Choline dihydrogen c i t r a t e i s a white crys ta l l ine sal t with a sour 

t a s t e . I t has a molecular weight of 295.29 and the following chemical 

formula: 

GH3 (Ggi^op 

CHg— N—CHgCH^OH 

Cttf 

I t i s soluble in water and alcohol and has the advantage of being 

less deliquescent and i t s solutions more pleasant tas t ing than the chlor ide . 

Occurrence of Choline — Choline i s widely distr ibuted in nature, both in 

plants and ex. inn Is where i t i s usually found incorporated in the l ec i th in 

molecule. This v/ide d i s t r ibu t ion has made i t d i f f icu l t to select choline-

free d i e t s for animals, and sane of the conflicting experimental r e s u l t s 

are a t t r ibu tab le to choline being inadvertently supplied in the r a t ion . 
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Beef 
Pork 
Lamb 
Veal 
Chicken 
-Beef pancreas 
Beef liver 
Pork liver 
Fish 
Cod liver 
Milk 
Canadian cheese 
Butter 
Margarine 
Eggs (whole) 
%ss (yolk) 
Eggs (white) 
Sugar 
Wheat flour 
Rye flour 
Barley flour 
Potatoes 
Vegetables 
Fruits 
Beer, stout 
Brandy 
Brewer's yeast 
Corn oil 

Fletcher, Best 
& Solandt.1935 

760 
440 
-

mm 

-

2300 
2700 

-

-

-

-

190 
130 
-

mm 

-

20 
0 

1400 
-

-

0 
-

mm 

-

-

2400 
0 

Enge1, 
1942 

. 

-

1300 
M 

-

" 

6300 
-

870 
-

147 
480 
50 
50 
-

17130 
0 
-

520 
940 
880 
2380 

*m 

mm 

-

-

4300 

• 

Mclntyre, 
et al.1944 

1200 
770 
1100 

-

-

5100 
-

-

•a 

-

-

-

-

-

-

-

-

-

-

mm 

-

-

mm 

mm 

-

-

... 

Borglin, 
1947 

440, 755 
480, 540 

770 
-

840, 730 
«. 

-

1700 
590 - 830 

1700 
45 - 159 

— 

0 - 1 0 
0 

3500-11700 
17500 

7 - 1 7 
0 

225 - 550 
220 - 250 

-

33 - 108 
80 - 230 
45 - 130 
90 - 225 

0 
3600 

Requirements of Choline -- The daily requirement in the dog to permit normal 

growth and to prevent fatty liver is 10 - 100 mg./Kg. or 0.1 - 0.3> of the 

diet. (Fouts, 1943). The rat requires 120 - 200 m*. /Kg. or 0.1 - 0.2$ of the 

diet for the prevention of fatty liver and hemorrhagic kidneys. (Engel, 1942; 

Treadwell, 1945). In the chick and turkey choline at a level of 0.15 - 0.3^ 

of the diet prevents perosis and permits normal growth. (Jukes, 1940). 

Assuming that choline requirements of man are of a similar order, (i.e., 

0.1 - 0.3S* of the diet), an adult would require 1.5 - 3.0 gins, per day. Other 
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estimates are lower. Borglin (1947) considered 300 - 500 mg. per day to be 

'a suitable dietary supply' since it represented the choline content of the 

average Swedish hospital diet. From the interrelationships between choline, 

methionine and related substances it is apparent that the amount of choline 

required will be altered by the quantities of other dietary factors available, 

Sellers, Lucas and Best (1948) estimate the average Canadian diet to contain 

300 - 900 mg. of choline plus 2.0 - 4.0 gm. of methionine from which a 

further 150 - 400 mg. of choline may be derived. 

Toxicity of Choline — In addition to effects of choline on the hematopoeitic 

system of the dog as discussed on page 33 there are reports of hemorrhagic 

lesions in the central nervous system after doses of choline, prostigmine and 

carbamyl choline. (Davis and Fletcher, 1946). 

In chicks, addition of choline chloride at levels of 1$, 2jfo and 4#> of 

the diet decreased growth rate by 12.G>,' 13.8fc and 23.Q/o respectively with 

marked reduction in body fat but no other pathological lesions. (Melass, 1946) 

In the rat similar dosage depresses the growth rate (Hodge, 1945) and 

the L.D.50 when given by stomach tube is from 3.4 - 6.1 gm./Kg. depending 

on the concentration. (Neuman and Hodge, 1945). 

In mice, using 2?fc choline chloride intraperitoneally the L.D.5Q is 

320 mg./Kg. (Hodge and Goldstein, 1942). 

If these figures can be applied to man, mild toxicity might be expected 

from 15 - 70 gm. per day and the L.D.50 would be between 200 and 400 gm. 

per day by mouth. 
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HON-hlPOTxOPIC FACTIONS OF CHOLINE 

(Strictly applied this designation includes ail biological effects 

except those concerned with promoting mobilization of lipids from the 

liver.) 

delations to tne Kidney — In 1939 Griffith and ."/ade noted the appearance 

of hemorrhagic lesions of tne kidneys and decreased renal function within 

a few days after weanling rats were placed on low choline diets. Engel 

and Salmon (1941) showed that with further restriction of methionine 

intake similar lesions developes in adrenals, lunge, myocardium and eyes 

as well. Tht;se changes were pr?v^nted by feeding 1 - 2 mg. of choline 

per day. Other vitamin B factors were without effect (Griffith and ./ade, 

1939) and cystine aggravated the lesions in the kidneys, (Griffith,1941) 

but only when the animals were on a low sulphur intake. (̂ r iff ith and 

Mulford, 1941a). This suggests that the cystine exerts its effect by 

permitting faster growth and therebjr increasing the demand for the raw 

materials for protein synthesis. The renal hemorrhage a are apparently 

due to deficiency of seme factor required for tissue synthesis at a 

critical period of development since only young growing animals are 

susceptible. 

Gyorgy and Goldblatt (1940), Christensen (1940), Hartroft (1948) 

and others have described, the renal lesions. In the acute phase there 

is engorgment and mottling of the cortex due to interstitial hemorrhages. 

The tubular epithelium becomes necrotic in both distal cind proximal con­

voluted tubules and hyaline casts appear in the lumen. If the animal 

survives there is recession of the congestion, regeneration of epithelium, 

interstitial fibrosis and some calcification, and shrinkage and scarrine 

of glomeruli. Later there is a reduction in the number of functioning 
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glomeruli with d i s t e n s i o n of surviving nephrons and varying degrees of 

vascular damage from c e l l u l a r p r o l i f e r a t i o n of the media and a d v e n t i t i a 

to intiraal h y a l i n i z a t i o n and f i b r i n o i d n e c r o s i s . In such cas^s Har t rof t 

and Best (1949) were able t o demonstrate progress ive rena l f a i l u r e and 

hypertension in r a t s t h a t had undergone only a few days of choline r e s ­

t r i c t i o n in ea r ly l i f e . These an ina l s f i n a l l y succumbed t o cardio-vascul&r-

rena l disease produced for the f i r s t time by d i e t a r y deficiency a lone . 

Relat ions t o Experimental Neoplasms - - Between 1935 and 1?37 severa l 

workers in Japan ( c i t e d by vnite and Edwards,1942) described the production 

of hepatic tumours in r a t s by the feeding of p-dimethylaminoazobenzene 

(but ter ye l low) . The r a t s ara most suscept ib le on a d ie t of polished 

r i ce and ca r ro t and varying degrees of p ro tec t ion are conferred by sup­

plements of r i b o f l a v i n , case in , l i v e r , wheat U-enslar et a l ,194 l ) or 

choline iGyorgy, Pol ing ana Coldb la t t , 19<=1). 

Cnol ine-def ic ien t r a t s which survived 3 months or longer were noted 

to be unduly l i a b l e t o neop las t i c tumours. :•'($> developed adenocarcinoma 

of the l i v e r , lOfa s ca t t e r ed hemangioendotheliomata and 6yo r e t r o p e r i t o n e a l 

sarcoma. ( L i l l i e , Daft and. S e b r e l l , 1941). 

Re la t ions to Avian n u t r i t i o n - - Pe ros i s of fowl, or 's l ipped tendon 

d i sease* , i s cha rac te r i zed by shortening and thickening of the t a r s u s 

and t i b i a of yr^m^ b i ^ d s . I t was shown in 1936 to be due to manganese 

def ic iency but Juhe" (19>0) J. omia tha t cholir- w^s a lso neo-ssary , and 

rove 1 to DO p r o t e c t i v e for both chickens and t u r k e y s . (Jukes 1041a, l e41b ) . 

Since bi rde cannot synthesize cho l ine , .methionine cannot s u b s t i t u t e for 

i t in t u i s s i t u a t i o n . 

Hyperplasia of fas Fore stomach of Rats — On a white f lour d i e t r a t s 

develop a def ic iency syndrome charac te r i sed by g.bnormal e p i t h e l i a l p r o -



(33) 

liferation in the forestomach. This is prevented by protein diets or 

by rice polishings. In 1940 Sharpiess showed that choline was the 

essential principle in the rice oat ishirigs. 

Relation to the Hemopoietic System — Davis (1939) noted that choline 

depressed the experimental polyeethernia of dogs produced by cobalt feed­

ing. The same effect occurred with 10 gm. of soybean lecithin (3> choline) 

per day (Davis, 1943) or with injections of acetylcholine, 3 mg. b.i.d. 

(Davis, 1946). In normal dogs a hyparchramic anemia developed with a 

drop in erythrocyte count beginning about 5 days after the start of the 

feedings and reaching a maximum decline of 15 - 25^ after 12 - 25 days. 

Since the effect was abolished by atropine it was explained as being due 

to the muscarine effect of choline which produced vasodilatation of the 

bone marrow sinusoids, increasing oxygenation and depressing hematopoesis. 

Other vasodilator drugs such as nitrites ana erninopbylline were found 

to have similar effects. (Davis, 1944a). Treatment s/ith stomach prep­

arations, liver or folic acid produced reticulocytosis and a remission 

of the anemia, (Davis 1944b, 1946) coincidentpy with a mar-ed increase 

in the serum chclinesterase content. Davis suggests that relapse in 

pernicious anemia is related to the increased activity of acetylcholine 

which produces dilatation of marrow sinusoids, increases oxygen tension 

thereby depresses hemopoiesis. In corroboration of this work are the 

findings of Meyer et al (1948) who noted particularly the low level of 

erythrocyte cholinesterase in pernicious anemia and its rise coincidently 

with the reticulocyte response. 

The findings of Davis regarding the production of anemia in dogs are 

not confirmed by Best and Clarkson (1^47) using oral choline or by Kunkel 

ilrop and Wescol (1948) using parenteral acetylcholine. In the rat, Bucciero 
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and Ortin (1948) not only failed to prevent cobalt-induced polycythemia 

with choline but found that choline at levels from 2.0 - 6.0 gm./Kg, of 

diet induced polycythemia to the same extent as cobalt itself. 

Oartwright and ^introbe (1945) demonstrated that in the low doses 

of 10 mg. per K&. per day choline chloride dc<-s not produce anemia in 

humans, out Loewy et al (1942) found that a single dose of 400 mg. plus 

1/4 pound of butter produced a significant drop in erythrocyte count 

followed by reticulocytosis in 3 - 5 days. This anemia was considered 

analagous to the hemolytic anemia produced in dogs from the hemolytic 

action of 'fatty acids and soaps' rapidly absorbed from the intestine 

under the influence of choline. (D^vis and Gross 1944, 1945; Davis 1947). 

Choline has been used in the treat-a ant of liver-resistant macro­

cytic anemia associated with fatty infiltration of the liver with 

reported success. Its role is that of a lipotropic agent removing 

hepatic fat and normallizing liver function. (Moosnick, Schleicher 

and Peterson, 1945; Watson and Ca3tle, 1945; Davis and Brown, 1947)« 

In 1948 Jliinez-Diaz et al in Spain and En^el in America reported 

the development of anemia in rats on low-choline, low-protein diets 

which is cured by choline supplements. This raises the question as to 

whether the anemia of malnutrition in man might have a similar genesis. 

Relation to Acetylcholine — Biosynthesis of acetylcholine from choline, 

acetate and adenosine triphosphate is catalyzed by choline acetylase. 

The reaction requires anaerobic conditions and the presence of potassium 

and a co-enzyme as yet unidentified but found in y...e.st and animal tissues. 

Increased yield results from the addition of^-tocopherol. (Nachmanson 

and John, 1945; iMachmanson and Berman, 1946). The possibility that 

increase or decrease in int-ke of choline might affect the rate of formation 
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of acetylcholine has been the subject of speculation and some investigation 

by Solandt and Best (1939). They found some evidence that choline dep­

letion results in decreased vagus effect in rats. 

This interesting lead was pursued by Abdon and Borglin (1946) who 

found that in chcline-deficient animals the heart did not respond to vagus 

stimulation but did respond 10 - 15 minutes after choline w^s injected. 

This lag period suggests that synthesis of 'acetylcholine precursor' is 

relatively slow compared to the rate of formation of acetylcholine from 

the precursor, which may be choline itself or a choline complex. 

(see also section on 'delation of Choline to the Heart'). 

Relation to Intestinal Absorption — Frazer (1946) showed in rats that 

choline increased the:~, rate of absorption of fats into the intestinal 

cells. He also maintains that choline is essential for the transport of 

fat through the inner cell membrane of the inteatinal mucosa. Using 

radioactive phosphorus, Art am and Cornatzer (1946) shewed t';:iat feeding 

of choline increased the rate of accumulation of phospholipids in the , 

intestinal mucosa. 

Choline increased the rate of absorption of Titrrain A provided the 

animal was on a low-fat diet. (Bentley ana Morgan, 1946). 

Choline as a Crowth Factor — Cnolire w-s reported to be a growth essential 

for the rat by Best, Huntsman, McHenry and Rid out in 1935 and this finding 

was • confirmed by further experiments of McHenry (1935), Griffith and -Jade 

(1939), Sure (1940b) and others. It was subsequently found to be essential 

for the -growth of chicks and tur.eeys by Jukes (1940, 1940b, 1941a), Ju*ees 

and welch (l94e,) and Almquisf and Grau (1944). McKittrick (1947) showed 

that with regard to growth of poultry both choline and methionine could 

be separated into an 'essential' portion for tissue construction and a 
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' r ep laceab le ' por t ion for met^yla t ion p rocesses . For optimum growth 

the ' e s s e n t i a l ' requirement was found to be 0 .5^ methionine and O.lfr 

chol ine . The growth-promoting effect of choline can be d i f f e r e n t i a t e d 

from the a n t i - p e r o s i s ac t ion in fowl and from the anti-hemorrhagic 

kidney and a n t i - f a t t y l i v e r ac t ion in r a t s . 

Moyer and du Vigneaud 11942) have su:amarized in t abu la r form the 

l i p o t r o p i c , a n t i - p e r o t i c , -nt i -hemorrhagic kidney and growth-promoting 

ef fec ts of var ious compounds. A high degree of s t r u c t u r a l spec i f i c i t y 

i s noted for methyl donors as t e s t ed for by growth-promo t i n g e f f e c t . Of 

35 compounds studied only 5 were ac t i ve : chol ine , phosphorvl-choline, 

d imethvlethylhydrox* rethyl ammonium ch lo r ide , l e c i t h i n and b e t a i n e . 

Although chel ina has coma ho be regarded widely as a. groath e s s e n t i a l 

for most animals e. recent r ?oor t by freadwell (1948) sug> e s t s tha t i t i s 

ef fect ive only as a r e s u l t of i t s methionine-sparing ac t ion . He found 

tha t in r a t s a maximum growth-promotinr- effect was rea l i zed at a l eve l 

of 200 ma. per r a t per day. 

Rela t ion t o Cardiac Function — In 1946 Abdon and Borglin reported exper­

iments t o support t h e i r hypothesis tha t an acetylchol ine precursor of 

unknrvni i d e n t i t y i s e s s e n t i a l for the metabolism of heart muscle. This 

i s suggested by the f inding t h a t the weakening beat of the i so l ° t ed perfused 

heart i s r e s to red a f t e r add i t ion of cho l ine , but the effect i s not r e a l ­

ized for 10 - 15 minutes which presumably rep resen t s the time required for 

su f f i c i en t syn thes i s t o r e s t o r e the depleted ' ace ty lcho l ine precursor* , 

Acetylchol ine i s r ap id ly derive^ from precursor and almost immediately 

broken dof.vn by t i s s u - chol ines tera .se . Deplet ion occurs ih the perfused 

hear t because the freed choline i s washed away in the pe r fusa te . 

Aidon p o s t u l a t e s t h a t l i b e r a t i o n of ace ty lchol ine from precursor 

http://cholinestera.se
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and synthesis of p recursor from choline takes place in the absence ef 

functioning cho l ine rg ic nerves and hencj 'such metabo1ism belongs t o 

the normal metabolism of hear t musc le ' . 

Chol ine-def ic ient r a t s show bradycardia and decrease in muscle 

chol i re content and i so l a t ed hear ts of cho l ine -de f i c i en t r a t s show de­

creased a b i l i t y t o c o n t r a c t . I t s u p e s t s tha t an adequate supply of 

acetylchol ine precursor i s e s s e n t i a l not only for vagal t ransmission 

but for muscular func t ions of the hear t as wel l . vAbdcn ana Borg l in ) . 

Fur ther evidence of t h i s metabolic ro le of choline in the myo­

cardium might be adduced from the f inding of Gremsls (1936, 1937) t h a t 

the low oxygen consumption of the S t a r l i n g he a ""t was increased to nev.r 

normal by addi t ion of ace ty l cho l ine , choline or cho l i re -con ta in ing 

compounds such as crude l e c i t h i n . 

Cho 1 ine and, A r t e r i o s c l e r o s i s — Page (19^-5) has reviewed the r e l a t i o n ­

ships of alte-'-ed f a t metabolism to ths deve.lopm.-mt of a r t e r i o s c l e r o s i s , 

rie disou see the var ious theo r i e s of production of atheromatous l e s ions 

and the r e l a t i o n of d i e t t o blood l i p i d l e v e l s , A high fa t d ie t plus 

l e c i t h i n leads to a hpjk blr-d cho le s t e ro l in dogs. (Corwin, 1938). 

Fven with a f a t in take ic;as ti.an 8^, addi t ion of phospholipid to the 

d i e t produces a sustained pos t -absorpt ive l ipemia. (Flock, Cor •.•.•in and 

Bollman, 193&). In humans, S te iner and Domanski (1941) 3howed t h a t feed­

ing 100 gm. por day of egg yolk powder ( l e c i t h i n 14 gm. ; cho le s t e ro l 8 gm.) 

r e s u l t e d in r i s e s , of from 40 •- 218 mg.% in serum Choles terol a f t e r 6 - 1 0 

weeks. Rabinovitch (1935) presented s t a t i s t i c a l evidence t o snow t h a t in 

d i a b e t i c s t n degree of lipemia was influenced by d i e t . However in the 

d i a b e t e s of depancreat ized dogs as discussed previous ly the l ipemia i s 

depende-nt on the i n s u l i n control and the presence of adequate l i p o t r o p e s 

http://deve.lopm.-mt
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rather than on diet. (Dragstedt, 1945). 

There is evidence to indicate that hyperlipemia predisposes to the 

development of arteriosclerosis: Cibbs et al (1933) noted increase in 

the free cholesterol of diabetics rath advanced arteriosclerosis; 

Rabinovitch (1935) noted a similar relationship; V/hite (.1934) calculated 

that diabetics with hyperlipemia "<cre 15 tim.es as likely to develop 

severe arteriosclerosis; in rekbits (Leary, 10~O and chickens (Dauber 

and Hatz, 1943) increased blood cholesterol predisposed to arterios­

clerosis. 

.tiowevsr it is well known that arteriosclerosis can develop without 

hyperlipemia (Lande and Sperry, 1936; Page et al, 1936) and it is likely 

that at least two factors are importg-nt in arteriosclerosis in humans --

increased blood lipids and local factors in tne vessel walls. 

In view of its lipotropic action and its effect on blood lipid 

levels in animals it was logical to test the use of choline in experimental 

arteriosclerosis. 

In preliminary reports Steiner (1933, 1933?) suggested that choline 

exhibited a temporary action in inhibiting development of cholesterol 

arteriosclerosis in rabbits and might even aid resorption of the lesions. 

This was not confirmed by Himsworth (1938) or Baumann and Rusch (1938) 

but they used proportionately less choline, however, Andrgvs and Broun 

(1940) showed a protective effect from choline inrabhits and Kesten 

and Silbowitz (1942) found choline or soya lecithin effective, 

Hermann (1946) found that choline 0.5 gm. per day given to old hens 

considerably decreased the free and ester cholesterol of the blood, aorta 

heart muscle and. liver, 

Steiner (1948) has recently reported a well-controlled study using 

cholesterol-fed rabbits one group of which received supplements of 0,5 to 

http://tim.es
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1,0 gm. of choline per day. Although there was no change in blood 

cholesterol from choline feeding this group were free of arteriosclerotic 

lesions after 40 - 80 days while of the control group 10 out of 11 showed 

aortic atheroma. It is suggested that its mode of action is similar to 

that by which it exerts its liver lipotropic effect. Almost identical 

results are reported by Morrison et al (1949). 

Thus the bulk of evidence favours the impression that experimental 

arteriosclerosis is ameliorated by the exhibition of choline presumably 

acting by virtue of its lipotropic properties. 

Choline and the Organs of Reproduction — Sure (1940) reported that choline 

is essential for lactation in the rat and for the growth and health of 

the suckling young. Similarly choline has been shown to improve repro­

duction and lactation in mice. (White and Cercedo, 1947), 

Morphological and functional changes in genital organs of choline-

def icient rats have been recently described by Pest and Sampson (1948). 

They found atrophy of uterus and ovaries and loss of contractibility 

of the uterus both spontaneously and after stimulation. 

Deficient egg production has been noted in choline-deficient 

chickens. (Aobottand deMesters, 1940). 

The Influence of Choline on Protein Metabolism — Rats maintained on a 

low-arotein intake for long periods show less depletion of protein if 

they are :given a small supplement of choline. (Jiminez-Diaz and Vivanco, 

1948). 

Miscellaneous Effects of Choline — Bronze hair pigmentation has been 

noted in rats on high choline intake. (Higgins, Joneson and Mann, 1945), 

Choline is said to be essential for the formation of histiocytic 

cells. (Chrevemont, 1945). 

Choline is essential for the growth of Type III pneumococcus (Badger 

1944) and Neurospora mutant's. (?s detailed subsequently). 
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THE LIPOTROPIC ACTION OF CHOLINE IN R.khATlON TO LIVER FAT 

Historical Review — The fatty livers of depancreatized dogs had long 

been known to be prevented by feeding raw pancreas. (Sandmeyer, 1895). 

When fatty livers developed in spite of good insulin control (Allen et 

al, 1924; Fisher, 1924) fresh stimulus was given to a search for the 

principle in pancreas which prevented livar fat accumulation. Hershey 

(1930) tried lecithin, prompted by the reasoning that the fatty livers 

resulted, not from an absence of digestive enzymes in the intestine, 

but rather from a disturbance of fat metabolism in tne liver, since he 

noted that one of Fisner's animals died in hypoglycemic convulsions 

although no insulin had been given for dâ rs. Since phospholipids had 

long been attributed a. role in fat transport, and ha_d been specifically 

implicated in the transport of fat from the liver (Leethes and Raper, 

1925), Hershey decided to feed lecithin in the hope of supplying an 

essential factor for fat metabolism and transport. Subsequent findings 

have proven the soundness of his reasoning. 

The Toronto group using rats nth dietary fatty livers as exper­

imental animals, first proved the effectiveness of purified lecithin 

(Huntsman, Hershey and Best, 1932s) and then tested tne various compon­

ents of the phospholipid molecule. Best and ixuntsman (1932) found that 

cholins was the active lipotropic principle of lecithin and that it was 

effective in amounts as small as 1.0 mg. per rat per day. Extending the 

work to other specie ~, Best, Huntsman and Sofandt (1932) pr -v nted 

dietary fettv liv-r of nic? by choline and Best, Ferguson ^n*. Hershey 

(1338) demonstrated its effectiveness in pr^v^ntion and ou?w P-P the fatty 

liv rs of depancreatized dogs. 

Definition of the effectiveness of choline led to the reorientation 
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and expansion of research on this problem chiefly by Best's group in 

Toronto and later by Channon in Liverpool. Low choline diets were 

devised (Best and Channon, 1935) which, combined with cholesterol sup­

plements, produced a type of fatty liv-r high in cholesterol ester content 

and relatively resistant to choline thenar^. I n fact, the Principle 

effect of choline in •cholesterol fatty livers' and in the 'fat fatty 

livers' of high fat di-t appeared to be on the a-k^ride fraction. (Best, 

Channon and Ridout, 1934; Channon and. Wilkinson, 3 935; Best and Ridout, 

1933 and 1936). That neither high cholesterol nor high fat intake were 

the sole determining factors in these diets was shown by Best and Hunts­

man (1935) who produced fatty livers in rats by hi eh carbohydrate diets 

free of choline, in phosphorus, chloroform and carbon tetrachloride 

poisonina in rats the development of fatty live7?s was not prevented by 

choline bat the removal of the fat was accelerated. (Best, McLean and 

Hidout, 193b; Barrett, Best and Hidout, 1933; Darrett, Best, Malean and 

Ridout, 1939). 

The Mechanism of Action of Choline as a Lipotropic Principle — Among 

the first to speculate on this subject were Best, Channon and Ridout 

(1934) who found little to sukstenti^t° tne phospholipid fat transport 

theory of Leathes and favoured, a poaoass by which choline 'accelerates 

either directly or indirectly the oxidation of fatty acids and cholesterol 

by the liver itself. At that tiipe action of choline through liver phos­

pholipids was discredited because investigators could detect no significant 

Change in phospholipid content of the livers of choline-deficient rats. 

(Best, Channon and Ridout, 19-: 4; Cnanmon, Piatt, Loach and Smith 1937* 

Loizides, 1938). Best's group specifically measured the choline-containing 

phospholipids but found no change in short term studies lasting 21 - 26 
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days. In experiments lasting 2 - 3 months, no change was found in 

choline content of liver, kidnejrg or brain (Jacobi, Baumann and Meek, 

1941) or of the whole animal (Jacobi and Baumann, 1942). Brante (1943) 

confirmed these findings. 

On the other hand, after only 10 days of choline-free diet, Stetten 

and Crail (1942) found the livers of young rats to contain only half as 

much choline as the controls. By addition of methyl-consuming guanido-

acetic acid to the diet complete disappearance of liver lecithin was 

effected and extensive fatty infiltration ensued. 

These apparently conflicting results can probably be reconciled in 

the light of the isotope studies of Perlman, Ruben and Chaikoff (1938) 

and Perlman.and Chaikoff (1939) which indicate that phospholipid met­

abolism in the liver is very rapid and that it is accelerated by choline, 

sugesting that the rate of metabolism of phospholipids is the determining 

factor rather than the amount in the liver cells at any given time. 

Logically it would appear that an increase in liver fat might result 

from one or a combination of the follovtfing processes: 

(a) Increased intake of fat in the diet (as in experimental 

fatty livers of high fat feeding). 

(b) Increased synthesis of fat from carbohydrate, a process accel­

erated by thiamine as ^roven by McHenry and Cavin, (1938, 1939) and Boxer 

and Stetten, (1944). 

(c) Decreased degradation of fat. This probably has no relation 

to choline deficiency since Stetten and Grail (1943) showed that fatty 

acid catabolism is normal in choline-def icient rats. 

(d) Increased transport of fat from depots to liver. This is 

probably the process by which anterior pituitary extracts (likely acting 
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through stimulation of 'S' hormones of the adrenal cortex) exert their 

effect. (Barrett, Best and Ridout, 1938; G.H. Li, Lecture, University of 

ivxontreal, April, 1949). 

(e) Decreased transport of fat from liver to depots. This is 

apparently the process in which choline is most important. Stetten and 

Salcedo (1944) used isotope studies to show, that in choline-deficient 

rats, newly synthesized fatty acids do not readily escape from the liver 

to the depots. 

There is considerable evidence that the action of choline in promoting 

transfer of liver fat to peripheral depots involves the intact molecule, 

•i/elch (1936) prepared arsenocholine and found that it possessed lipotropic 

properties similar to choline. In later studies rtelch and Landau (1942) 

proved that arsenocholine was utilized in the synthesis of lecithin 

apparent±y as the intact molecule since it is inactive as a methyl donor 

in the rat (Moyer and du Vigneaud, 1942) and in the chick (Almquist and 

Jukes, 1942). The proven lipotropic activity of the arsenocholine molecule 

(Best and Huntsman, 1932; Piatt, 1939) and its anti-hemorrhagic effects 

(tfelch, 1941) suggest that choline too ar-y exert its lipotropic and anti-

hemorrhagic effects through reactions involving the intact molecule. 

This is further substantiated from a consideration of the following list 

of lipotropic compounds which act directly, and not by supplying groupings 

for the synthesis of choline. It appears that the general configuration 

of choline is required although methyl groups can be replaced by ethyl as 

in triethyl choline and the nitrogen replaced by other elements of suitable 

valency as in phosphorylchoiine and arsenocholine. 
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Compounds Related to Choline iVhich Posses Lipotropic Activity — 

Arsenocholine chloride ) 
) Welch and tfelch, 1938. 

Calcium phosphorylcholine chloride ) 

Homocholine Channon, Piatt and Smith, 1937. 

Triethyl choline McArthur, Lucas and Best, 1947. 

The possibility that choline must be oxidized before it can exert 

its lipotropic activity is su-roasted by Jacobi ana Baumann (1942), The 

physiological role of choline oxidase is not yet established (Bernheim 

and Jbernheim, 1933) and it may be significant that the two organs most 

sensitive to choline deficiency, liver and kid nop-, contain the highest 

concentration of the oxidase, l^ucas and -best, 19,3). In vitro fatty 

acids inhibit choline oxidase (Bernheim, 1940) and in the fatty liver of 

methionine-deficient rats choline oxidase activity is likewise considerably 

depressed. (Handler and Bernheim, 1942). 

Summary — Taken together, the~e findings surest that the mechanism of 

the lipotropic effect of choline is stimulation of phospholipid inter­

change between the liv°r and other tissues, the liver being most active 

in tne process as shown by tr°cer studies, However, toe rr-ove intimate 

details of the process remain to be elucidated. 
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CHOLINE M P CIRRHOSIS 

Intelligent application of therapy is, in general, conditioned by 

an understanding of the disease rrocess under treatment. This is part­

icularly true of metabolic disorders of the liver. Here the problem is 

complicated by '<hs manifold character of liver disease and by the fact 

that most classifications are based on morphologic or symptomatic 

characteristics rathsr than on metabolic genesis and evolution. In the 

following section an attempt will be made to outline a systematic treat­

ment of the subject from the metabolic point of view utilizing as a 

framework the classification proposed by nimsworth in 1947. 

The Pathogenesis of Hepatic cirrhosis 

Introduction -- The hepatic fibrosis to which Jjaennec gave the term 

cirrhosis was at that tine considered a primary inflammatory and sclerotic 

lesion of supporting tissues. Only toward the end of the nineteenth 

century was the importance of degeneration of the parenchymal cells 

recognized, .at first parenchymal defeneration w ^ regarded, as a result 

of connective tissue sclerosis, then as a concomitant, and now as a 

cause, cirrhosis is in no sense a specific condition but rather is to 

be regarded as a non-specific sequel to a variety of lesions which cause 

parenchymal cell dissolution. 

classification — Hepatic fibrosis in animals and man can be divided 

into two anatomical types: 

A, Post-necrotic scarring, which follows acute massive necrosis. 

a* Diffuse hepatic fibrosis, which may occur: 

1. As a sequel to biliary obstruction. 

2. AS a sequel to repeated attacks of zonal necrosis. 

3. AS a sequel to prolonged fatty infiltration. 
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j^ST-NEOROTlC SCARRING 

in 1935 nieichselbaum showed t h a t r a t s maintained on low p ro t e in 

d i^ t s f i n a l l y died witn hemorrhagic hepat ic l e s i o n s whien were prev­

entable by the use of the su lphur-conta in ing amino ac ids . Later as 

papers appeared on the production of experimental c i r r h o s i s there eere 

occasional r e p o r t s of the development of hepat ic hemorrhages in r a t s 

given d i e t s designed t o produce f i b r o s i s . Cyorgy and C-oldblatt (1939) 

recognized these l e s ions as acute necros i s and subsequent specula t ion 

as to trie e t io logy has var ied from the view of B e s t ' s group tha t i t i s 

caused by an i n f ec t i on secondary t o n u t r i t i o n a l dep le t ion , t o the more 

widely held opinion of Himsworth that i t i s a spec i f ic form of n u t r i t i o n a l 

hepatic i n ju ry . Liige acute yellow atrophy in nan i t processes t o coarse 

scarr ing and nodular hyperp las i a . 

Helat ion t o Diseases of Man — In addi t ion t o the implied r e l a t i o n t o 

acute ••/ellow a t rophy, Himsworth r e l a t e s pos t -nec ro t i c scar r ing t o the 

' t r o p i c a l c i r r h o s i s ' which follows the ' t o x i c jaundice ' prevalent in 

undernourished popula t ions p a r t i c u l a r l y in the Far Eas t . Aberrat ion 

of the regenera t ive process in these cases i s invoked t o explain the 

high incidence of primary carcinoma of the l i v e r found in the same pop­

u l a t i o n s . 

Another i n t e r e s t i n g c o r r e l a t i o n i s the a s soc ia t ion of pos t -nec ro t i c 

sca r r ing and nodular hyperplas ia in humans with deToni-Fanconi syndrome 

which i s cha rac te r i zed by chronic loss of amino acids in the u r i n e . Loss 

of se r ine which i s required for the synthesis of cys t ine from methionine 

may amount t o 2 .0 gm. per day (Dent, 1942) so t h a t a cys t ine def ic iency 

might explain t h i s occurrence of acute hepat ic nec ros i s as i t does in 

c y s t i n e - d e f i c i e n t r a t s , ( v . i . ) 



(47 

Etiological Relation to Cystine Deficiency — To briefly state the 

results of a considerable amount of experimental work, the etiology 

of acute massive necrosis can be regarded as due to cystine deficiency 

with further sensitization resulting from a deficiency of tocopherols. 

(Glynn, Himsworth and Neuberger, 1945; Himsworth, 1947). 

The inconstancy with which these legions can be reproduced has 

been variously exela.ineo as reflecting genetic differences in rats, 

differences in the tocopherol content of dietary fats, differences 

in intestinal flora, or some unknown factors. 

Cystine in Relation to Hepatic In.jury -- In an effort to simplify a 

confusing subject the manifold and paradoxical effects of cystine in 

experimental liver injury will be summarized. 

1. Cystine deficiency leads to acute hepatic necrosis, (v.s.) 

2. Cystine accelerates growth on diets suboptimal with respect 

to methionine and may in this way increase the demand for lipetropes, 

i.e., exert a so-called 'enti-lipotroeic' effect. (Mulford and 

Or iffith, 1942). 

3. Cystine accentuates the hyperplasia which occurs in fibrotic 

lesions of the liver. (Himsworth, 1947). 

4. By a direct toxic action large doses of cystine produce hem­

orrhagic necrosis in the liver and moderate doses produce a diffuse 

necrosis not unlike that which follows carbon tetrachloride poisoning. 

(Curtis and ̂ ewburgh, 1927; Miller, Ross and Whipple, 1940; Daft, 

Sebrell and Lillie, 1941). 
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B DIFFUSE HEPATIC FIBROSIS 

1. As a sequel t o b i l i a r y obs t ruc t ion - - n d iscuss ion of c l i n i c a l 

and experimenta1 ' b i l i a r y c i r r h o s i s * i s beyond tne scope of t h i s 

p resen ta t ion . 

2 , As a sequel t o repeated a t t acks of zonal necros is such as occur 

following prolonged admin i s t r a t ion of carbon t e t r a c h l o r i d e . (Lamson 

and Wing, 1926; Moon, 1934; S e l l e r s , Lucas and Best , 1943). Repeated 

and frequent i n j e c t i o n s are required t o e s t a b l i s h the p ic tu re of 

c i r rhos i s as though extended exposure t o high concentrat ions of the 

products of c e l l u l a r in jury i s required to s t imulate the p r o l i f e r a t i o n 

of f ibrous t i s s u e . Thereaf te r , up to a po in t , removal of the noxious 

agent i s followed by r e so rp t i on of the f ibrous t i s s u e , but there i s a 

stage beyond which the process i s i r r e v e r s i b l e (Cannon and Karunaratne, 

1936), and indeed may be s e l f - p e r p e t u a t i n g , as suggested by the work 

of Cameron and Oakley (l93g) wno snowed tha t t r ansp l an t s of normal 

l ive r provoked a f ibrous r e a c t i o n in surrounding t i s s u e s while boiled 

l ive r did n o t . 

I t i s conceivable t ha t a small proport ion of c l i n i c a l p o r t a l 

c i r rhos i s might follow repeated exposure to chemical hepatotoxins or 

infect ion with the v i ru s of in fec t ious h e p a t i t i s . 

3 . As a sequel t o prolonged f a t t y i n f i l t r a t i o n — A century ago 

Rokitsnsky (1849) wrote in reference t o a lcohol ic c i r r h o s i s , 'The 

l a t t e r (adipose depos i t ) may be the primary a f fec t ion on which the 

granular d i sease i s grafted in the shape of c i r r h o s i s . ' -^arly French 

c l in i c i ans of the n ine teen th cent m y regarded the enlarged f a t t y l i v e r 

of ' s t e a t o s i s 1 as preceding the l a t e r stage of ' c i r r h o s i s ' when the 

organ i s shrunken and a t r o p h i c . 
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There is now considerable evidence to support this concept. Connor 

(1938) reviewed the literature relating to the association between fatty 

infiltration and subsequent fibrosis and described histological studies 

of the transition from fatty liver to cirrhosis as encountered in autopsy 

material. He found that accumulation of fat from whatevc-r cause led to 

pressure anoxia and slow necrosis of cells followed by proliferation and 

then condensation of reticulum, AS the fibrosis progressed the fat often 

disappeared, possibly reflecting terminal exhaustion of body fat in 

untreated cases or the effect of dietary lipotropes in treated cases. 

This transition from fatty infiltration to cirrhosis has been 

repeatedly observed in animal experiments as well. In depancreatized 

dogs maintained with insulin, fibrosis supervened in S of 16 animals 

after fatty changes had been present from two to five years. (Chaikoff, 

Connor and Biskind, 1933). 

In 4 of 16 dogs cirrhosis was superimposed on fatty livers induced 

by high fat feeding plus alcohol, (Connor and Chaikoff, 1933) of by fat 

feeding alone. (Chaikoff and Connor, 1940). 

The concept that conditions which produce fatty liver in short 

term experiments will eventuate in cirrhosis if carried, on long enough 

receives further support from the reports of Blumberg and McCollum, 1941; 

Webster, 1941; Daft, Sebrell and Lillie, 1941; ^nd Oyorgy and Goldblatt, 

1942. 

In this regard the time relationship is of interest. In the depan­

creatized dogs of Chaikoff fatty livers developed in a few months but 

cirrhosis supervened only after years. Similarly in rats dietary fatty 

livers can be established in a few days while it requires 80 - 150 days 
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for cirrhotic changes to develop. (Se l l e r s , 1943). 

In man as well there are a number of c l i n i ca l s tudies , sane 

employing se r i a l l iver biopsies , which support the vie-i that fa t ty 

inf i l t ra t ion is the usual precursor of portal c i r rhos i s . (Oillman and 

Gillman, 1945; Hoagland, 1946; Buck, 1948). Some reports emphasize 

the potential r e v e r s i b i l i t y in animals and man of t h i s pre-cirrhot ic 

fatty in f i l t r a t ion and even of early c i r rhot ic f ib ros i s by the use of 

diets high in l ipotropes end ca lo r i e s . (Russakoff and Blumberg, 1944; 

Barker, 1945; Beams, 1946; S e l l e r s , Lucas and Best, 1943: and Buck, 1948). 

Clinically then, the problem of portal c i r rhosis largely resolves 

i tself into prevention of increased l ive r f a t , or i t s early detection 

when present, because the effectiveness of therapy i s inversely re la ted 

to the degree of f ib ros i s and th i s in turn is a function of the duration 

and degree of fa t ty i n f i l t r a t i o n . 

To th is end i t might be prof i table to examine the etiology of exper­

imental fat ty i n f i l t r a t i o n and then apply to human disease any analogies 

which become apparent, 

Experimental Fatty Livers 

Increased deposition of fat in the l iver c~n be induced in a var ie ty 

of ways: 

(l) Dietary Fatty Livers — 

(a) Ingestion of a low protein, low choline d i e t . (Best and 

Channon, 1935), This type i s characterized by predominent deposition 

of tr iglycerides and responds to choline feeding* 

(b) Ingestion of an extremely high fat d i e t . UicHenry and Pat terson, 

1944). Like (a) t h i s produces a. ' f a t f - t t y l i v e r ' sensi t ive to chol ine . 
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(c) Ingestion of excessive amounts of cholesterol has been 

reported by many investigators (since Chalatow, 1912) to lead to de­

position of liver lipids characterized by a hi eh concentration of 

cholesterol esters. (Okey, 1933), This cholesterol component is 

mobilized sloT*ly and incompletely by ordinary doses of choline but 

large doses over a lcna period will mobilize bo^h chc1esterol and tri­

glycerides. (Best and Ridout, 1933, 1935; Bee':, Channon and Hid out, 

1934; cnannon ana Wilkinson, 1934). Lipocaic and inositol are said 

to mobilize cholesterol from the liver in cases in which choline is 

not completely effectual. (Gavin, Patterson ana" McHenry, 1943), 

(d) Ingestion of certain watery extracts of meat and liver. 

As early as 1315 Opie and ALf crd showed that a lean meat diet aggravated 

the hepatic lesions of phosphorus poisoning in dogs. In 1931 Bollman 

and Mann showed that it TOPS not the meat protein which was toxic but 

some substance present in watery and alcoholic extracts of meat and 

liver. Blatnerwick and associates (1931, 1932, 1933) considered this 

effect wag probably due to cholesterol while Gavin and McHenry (1941) 

suspected biotin. However, Ralli and Rubin (1942) were able to induce 

fatty livers in dogs by a lean neat diet and identified the active toxic 

substance in watery extracts as inositol, which paradoxically had been 

shown to be lipotropic with respect to the biotin ana cholesterol fatty 

livers of rats, (cavin and McHenry, 1941; Gavin, Patterson and McHenry, 

1943). 

(e) Ingestion of certain of tne B complex vitamins. McHenry 

(1937) showed that addition of thiamine increased liver fat deposition 

at levels of fat intake from 0 - 58$> and in high carbohydrate diets as 

well. It was postulated that thiamine promotes synthesis of fat from 



(52) 

carbohydrate and exerts i t s greates t effect in the presence of choline 

and with an intake of fat equal to 40$ of the d i e t . (McHenry, 1937a), 

Conversely a deficiency of thiamine protects against development of 

fatty l iver , Biotin i s another B vitamin which promotes fa t ty l ivers 

of a type res i s t en t to choline but affected by inos i to l or l ipoca ic . 

(Gavin and McHenry, 1941). 

UcHanry ana Patterson (1944) have tabulated the response to 

lipotropes of several types of fa t ty l ivers induced by manipulation of 

diet and vitamin B intake: 

Rats: High fat d i e t , thiamine 

High fat d i e t , a l l B vitamins 

High fat d i e t , cholesterol 

Fat-free d i e t , thiamine 

Fat-free d i e t , thiamine and 
r ibof lavin 

Fat-free d i e t , thiamine,^riboflavin, i i 
pyridoxine & pantothenic acid • • 

holine 

+ + 
+ + 

•+-
+ + 
+ + 

Lipocaic 

o 
— 

o 
— 

— 

Inositol 

— 

— 

+ 
o 
— . 

Fat-free d i e t , 4 above v i t grains 
and b io t in o + + + + 

Fat-free diet, B vitamins and 
cholesterol "T" "T~ T 

Dogs, depancreatized H j- H h — 

Handler and Bernheim (1943) are not in agreement with McHenry's 

group with respect to the effect of b vitamins in fatty livers and 

conclude that, 'the effect of deficiencies of members of the vitamin B 

complex in preventing the appearance of fatty livers due to choline 

deficiency is the result of an impairment of the overall metabolism 

of the rat rather than some specific defect in the metabolism of the 

liver.' 
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(2) Fatty Livers Induced in Dogs by Removal of the Pancreas — 

This subject i s t reated f a i r l y comprehensively in previous sections 

including Histor ical Review, Methionine and Pancreatic Lipotropes, In 

addition to the fa t ty l ive r due to insul in deficiency which develops 

rapidly after operation and responds to insulin control of the diabetes, 

there is the slowly-developing fa t ty l ive r due to deficiency of pancreatic 

lipotropes (q.v.) which are probably enzymes required to free methionine 

from ingested prote in . 

(3) Fatty Livers Resulting; from Starvation — 

During starvat ion fat i s mobilized from body depots and accumulates 

in the l ive r . There i s almost unanimous opinion that choline administered 

during the fast does not prevent the fa t ty l ivers in fasting r a t s , dogs, 

mice, rabbits and guinea pigs, but wi l l hasten reabsorption during refeed-

ing. (Barrett , Best and. Ridout, 1938; Jtest and Ridout, 1938), 

(4) Fatty Livers Produced by Toxic Substances — 

Experimental f a t t y l ivers hav3 been induced by a variety of toxic 

agents such as chloroform, carbon te t rach lor ide , tannic acid, ethyl 

formate, phosphorus and alcohol. The action of such poisons i s said to 

be through interference with carbohydrate metabolism in l iver ce l l s 

Uuastel , 1932; Peters and VanSlyke, 1931; Goldschmidt et a l , 1937) 

probably due to an inhibi tory effect on ce l l r e sp i ra t ion . (Himwich et 

a l , 1933). 

Alcohol has long been associated by c l in ic ians and the l a i t y a l ike 

with the genesis of cer ta in disorders of the l i v e r , notably c i r r h o s i s . 

As early as 1820 James Johnson in Fngland remarked, fIn t h i s country, 
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among the i n t e r n a l e x c i t i n g causes of hepat ic inflammation, the 

ingurgi te t ion of i n e b r i a t i n g l i quo r s and p a r t i c u l a r l y ardent s p i r i t 

has always been ranked foremost . ' Yet in 1934 when Moon evaluated 

the l i t e r a t u r e up t o t h a t time he concluded tha t a lcohol per se had 

net been proven t o cause l i v e r in ju ry , although Lamson and *Ving (1926) 

had demonstrated t h a t i t aggravated the l e s ions of carbon t e t r a c h l o r i d e 

poisoning, and Bollman and Mann (1935) found tha t a lcohol feeding 

increased the r a p i d i t y of development of l i v e r l e s ions in dogs on high 

fat d i e t s . La te r , P i t h the e luc ida t ion of d i e t a r y causes of f a t t y 

l ive r s and c i r r h o s i s and the recogn i t ion of var ious deficiency syndromes 

in a lcohol ics , the tendency was t o a t t r i b u t e the l i v e r damage of 

alcoholics t o d i e t a r y def ic iency a lone . However since Cannon (1940) 

produced hepat ic f a t i n f i l t r a t i o n , nec ros i s and. f i b r o s i s in r a b b i t s by 

adding alcohol t o an adequate d ie t and Ashworth (1947) confirmed t h i s 

finding in the r a t , the conclusion of Heazell and Ivy (1940) and o thers 

that alcohol alone cannot produce experimental c i r r h o s i s may have t o 

be rev i sed , 

(o) Fa t ty Livers Induced by Hormones — 

The effect of the 'ketogenic f a c t o r ' of ths a n t e r i o r p i t u i t a r y 

and the wall-known amel iora t ion of the d iabe tes of depancreatized dogs 

by hypophysectcmy led Chaikoff et a l (1936) t o study the fa t metabolism 

of these animals. I t was found tha t removal of the p i t u i t a r y did not 

appreciably a l t e r the blood fa t nor prevent the accumulation of f a t i n 

the l i ve r , but ' k e t c enic hormone' i n j ec t i ons increased l i v e r f a t a t 

the expense of body f a t . (Best and Ridout , 19^8; Best and Campbell, 

1936, 1938). This was confirmed by MacKay and tfarnes (1938) who found 



(55) 

that ne i ther chol ine nor l i poca i c would prevent t h i s f a t t y l i v e r but 

would hasten the removal of f a t in the recovery phase. However, in 

1943 Ju l ian et a l using guinea p igs repor ted from Drags ted t ' s labora tory 

that l ipocaic was e f f ec t ive and pos tu la ted t ha t 'ketogenic hormone' 

controlled the body f a t t o l i v e r f a t t r a n s f e r while ' l i p o c a i c ' con t ro l led 

the reverse p roces s . The questionned exis tence of e i t he r of these 

'hormones' toge ther with the fac t t h a t Houssay dogs w i l l develop f a t t y 

l i ve r s cas t s considerable doubt on t h i s a t t r a c t i v e hypothesis , however. 

The importance of the adrena l in t h i s regard i s suga/ested by the 

fact that adrenalectomy p r o t e c t s agains t the f a t t y l i v e r tha t follows 

pancreatectomy (Long and Lukens, 1936), p a r t i a l pancreatectomy (MacKay 

and Carne, 1938; Herman, S y l v e s t r e , Hay and Selye , 1947) or i n j ec t ion of 

crude an te r io r p i t u i t a r y e x t r a c t s . (MacHay and Barnes, 1937; Fry, 1936), 

Ingle (1943) reviewed the r e l a t i o n s h i p of the adrenal cortex t o fa t 

metabolism and concluded, t h a t c o r t i c a l insuf f ic iency i s character ized by 

a slower-than-normal r a t e of f a t absorpt ion , decrease in fat t ranspor ted 

to and deposited in the l i v ^ r and a diminished response to ketogenic 

agents, these e f f ec t s being mediated through changes in carbohydrate and 

e lec t ro ly te metabolism. 

However adrenalectomy does not a l t e r the fa t -metabol iz ing ef fec t 

of purified growth hormone as measured by ketogenes is (Fry, 1936; Bennet t , 

Kreis , Li and Hvans, 1948; Szego and White, 1949) so i t would appear 

that the ac t ion of growth hormone in promoting t r a n s i e n t depos i t ion of 

fat in the l i v e r i s not mediated turouph the a d r e n a l . 

C.H. Li (1949) has repor ted t ha t pur i f ied adrenocor t i co t rophic 

hormone induces a prolonged depos i t i on of fa t in the l i v e r of r a t s 

presumably by v i r t u e of metabol ic changes consequent on increased a c t i v i t y 
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of the f S f hormones. (Lecture , Univers i ty of Montreal , Apr i l , 1949). 

The inverse r e l a t i o n between the l eve l of blood l i p i d s and thyroid 

ac t iv i ty was s tudied in the dog by Chaikoff e t a l ( l94 l ) who found 

a l t e ra t ions p a r t i c u l a r l y in c h o l e s t e r o l e s t e r s and f a t t y acids with l e s s 

consistent changes in c h o l e s t e r o l and phosphol ip ids . The blood l i p i d 

elevation following thyroidectomy i s dependent on adequate n u t r i t i o n and 

can be inhibi ted by f a s t i n g (entenman, Chaikoff and Reicher t , 1942a) or 

exaggerated by removing t_ie hypophysis a l so and thereby presumably pre­

vent inp s t imula t ion of any accessory thyroid t i s s u e , (entenman, Chaikoff 

and Reichert , 1942b). 

Chaikoff e t a l (1948) showed tha t thyroid.ectom.ized ^ ogs developed 

fa t ty l i v e r s even thouyh maintained on d i e t s so equate with respect t o 

protein and v i t amins . This f a t t y l i v e r showed l i t t l e tendency t o progress 

to f ib ros i s while in those dogs with both thyroid and hypophysis removed 

the f a t ty i n f i l t r a t i o n r ap id ly progressed to f i b r o s i s . In the l a t t e r 

two types of f i b r o s i s were recognized h i s t o l o g i c a l l y and i t was pos tu la ted 

that removal of the hypophysis permitted the development of a p a r t i c u l a r 

type of hepatic f i b r o s i s not dependent on p r e - e x i s t i n g f a t t y metamor­

phosis. They demonstrated t ha t t h i s was not associa ted with acc iden ta l 

operative trauma t o the hypothalamus. Less complete s tud ies on hepa t ic 

f ib ros i s in hypophyseeternized dogs were reported by Graef, Negrin and 

Fage (1944), 

%pophysectomy alone does not a l t e r l i v e r f a t but thyroidectomy 

alone doe^, and the combined operat ion r e s u l t s in e a r l i e r and more severe 

fat depos i t ion . Addi t ion of free chol ine to the d i e t i s p ro t ec t ive and 

since the lean meat d i e t s use* were kncahi t o contain adequate chol ine 

precursors these f i nd ings sugpest some hormonal con t ro l of the r e l e a s e 

http://thyroid.ectom.ized
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absorption or utilization of such lipotropes ao methionine by some 

obscure mechanism involving the thyroid. 

In the rap, however, Handler noted just the opposite effect, i.e., 

that the hepatic lesions of choline deficiency were retarded by decreased 

secretion and aggravated by thyroid feeding. It is possible that those 

types of hepatic damage which are made worse by thyroid overactivity are 

those in which tissue anoxia is the critical factor. 
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QjDNiiRAL PRINCIPLES REGA-tDIT'TH- l l p p T g p w TkH.OP\Flr Lvi LlVdh DISEASE 

Pn.qt-necrotic S c a r r i n g — There i s no ev idence t h a t l i p o t r o p e s have any 

value in acu te -fellow a t r o p h y in man or i n t h e p o s t - n e c r o t i c s c a r r i n g 

keich fol lows in n o n - f a t a l c a s e s . I t i s possible'-' t h a t supplementary 

cys-ine would be u s e f u l p r o p h y l a c t i c a l l y i n c a s e s of deToni-i1 anconi syn­

droms c h a r a c t e r i z e d by l o s s of t h e c y s t i n e - p r e c u r s o r , s e r i n e , u i e t s 

adequate in l i p o t r o p e s would l i k e w i s e be of p r o p h y l a c t i c v a l u e in lower­

ing the inc idence of ' t r o p i c a l c i r r h o s i s * wnicii appears t o r e s u l t from a 

combination of n u t r i t i o n a l and i n f e c t i v e f a c t o r s . 

Diffuse Hepat ic F i b r o s i s - - ' M o r t a l c i r r h o s i s ' as onecuntored in man i s 

usually the s eque l of p ro longed f a t t y i n f i l t r a t i o n , ( v . s . ) . I n animals 

there i s some evidence t h a t r e c o v e r y i s p o s s i b l e even a f t e r c o n s i d e r a b l e 

f i b ro s i s has supervened , but i n man expe r i ence t o da te i n d i c a t e s t h a t 

recovery i s g n l i k e l y except i n t hose c a s e s w i t h l a r g e f a t t y l i v e r s in 

whicn t he re i s l i t t l e or no f i b r o u s t i s s u e p r o l i f e r a t i o n . (^ade e t a l , 

1948; Buck, 1948) . Other a u t h o r s a l s o noted a c l e a r r e l a t i o n s h i p between 

l i v r sia^e and p r o g n o s i s . (Fleming and S n a i l , 1942; Be:m: , 1^46). 

Since t h e degree of f i b r o s i s (and r e s i s t a n c e t o t h e r a p y ) i s p r o b a b l y 

a function of t h e degree --nd d u r a t i o n of f a t t y i n f i l t r a t i o n t h e n e c e s s i t y 

of f inding ca se s e a r l y i s e v i d e n t . T h i s w i l l r e q u i r e a high— index of 

suspicion than i s c u r r e n t l y p r e v a l e n t s i n c e most cases now a r e d iagnosed 

and. f u t i l e l y t r e a t e d only a f t e r t h e appearance of l a t e s i g n s such a s 

a s c i t e s , anki& edema, j a u n d i c e , v a r i c o s i t i e s , e t c . The i n c i d e n c e of 

f a t a l ' p o r t a l c i r r h o s i s ' can be reduced when d i a g n o s t i c t e s t s a r e a p p l i e d 

to i n d i v i d u a l s exposed t o e x c e s s i v e a l c o h o l and /o r m a l n u t r i t i o n i n t h e 

way t h a t d i a g n o s t i c t e s t s a r e app l i ed t o c o n t a c t s exposed t o t u b e r c u l o s i s . 
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-Amoag the more sensitive liver function tests available for this purpose 

are the cholesterol ester-tot*-.1 cholesterol ratio, serum albumin level, 

cephalin-cholesterol flocculation, thymol turbidity and flocculation, 

and bromsulphalein retention. Needle biopsy of the liver provides the 

most sensitive and accurate means of diagnosing pre-cirrhotic fatty 

infiltration and its more frequent use may be required to convince the 

patient and the physician of the need for vigorous therapy. 

It is evident from the foregoing that rigid exclusion of all h@p-

atotoxic agents including alcohol, carbon tetrachloride, phosphorus, etc. 

is a prims requisite of therapy. It is probably desirable to restrict 

fat to the lowest palatable level in vien- op the well-recognized lipogenic 

activity of cholesterol. 

Fositive the rap;/ involves the feeding of not only an adequate diet 

but a high calorie, high protein diet supplemented with vitamins and 

choline, (and probably methionine), keeping in mind the fact that cirr­

hotics suffer from depletion of both serum and tissue proteins so there 

will be keen competition for the amino acids on which liver regeneration 

depends. 

Most cases of pre-cirrhosis in man are of the fatty type secondary 

to deficient intake of lipotropes, but for the sake of completeness, 

mention vail be made of the fatty livers which complicate cystic disease 

of the pancreas and which are analagous to the fatty livers of depanc­

reatized dogs. In these the deficiency is in the proteolytic enzymes of 

tie pancreas required to free methionine from ingested protein so that 

treatment would consist of supplvinp a maintainence dose of free methionine, 

a addition there are the rare cases of cirrhosis which follow scattered 

zonal necrosis due to chemical toxins or the virus of infectious hepatitis 

"* in these the value of lipotrope therapy l s i n d o ubt. 
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THERAPEUTIC TRIALS OF CHOLINE IN DlSnASkS OF THE LIVHR 

The f i r s t me thod ica l approach t o t h e t h e r a p y of c i r r h o s i s was 

marked by the regime of h i g h p r o t e i n and h i g h v i t a m i n i n t a k e proposed 

by Patek and Pos t i n 1937. T h i s t h e r a p y proved e f f i c a c i o u s i n many case 's 

including some wi th marked a s c i t e s . S i m i l a r t r e a t m e n t and r e s u l t s was 

reported by Fleming and S n e l l (1942) a l t h o u g h t h e y noted t h a t advanced 

cases showed no improvement i n s u r v i v a l t ime a s a r e s u l t of t h e r a i y / . 

Choline had been e s t a b l i s h e d as a l i p o t r o p i c agent f o r a lmost 10 

years before Broun and Meuther (1942) t r i e d a sma l l supplement of c h o l i n e 

(1.0 gm. per day) i n c o n j u n c t i o n w i t h h i g h p r o t e i n , low f a t d i e t i n t h e 

treatment of 4 c a se s of c i r r h o s i s . They were f avou rab ly impressed bu t 

of course f a i l e d t o prove whether or not c h o l i n e c o n t r i b u t e d t o t h e 

r e s u l t s . Y a t e r (1943) i n d i s c u s s i o n of a p a p e r , expressed d i s a p p o i n t m e n t 

with the e f f e c t of c h o l i n e i n 15 c a s e s . On t h e o t h e r hand, Russakoff and 

Blumberg (1944) c i t e 3 c a s e s of a l c o h o l i c c i r r h o s i s which r e s i s t e d 

therapy u n t i l cho l ine was added in doses of 2 - 6 gm. per day . O the r s 

a t t r i b u t i n g b e n e f i c i a l e f f e c t s t o t h e use of c h o l i n e i n c l u d e Barke r ( 1 9 4 5 ) , 

Wade (1945) and b.j&ms ( 1 9 4 6 ) . 

Steipmann (1948) s t u d i e d the m o r t a l i t y f i g u r e s of 247 c a s e s of 

c i r r h o s i s d iv ided i n t o 3 g roups w i t h r e s p e c t t o t h e r a p y . Those r e c e i v ­

ing l i p o t r o p e supplements i n c l u d i n g c h o l i n e , m e t h i o n i n e and c y s t i n e 

showed a g r e a t e r s u r v i v a l r a t e t h a n t h o s e r e c e i v i n g o r d i n a r y d i e t s o r 

those on a Pa t ek r e g i m e . The t r e a t e d s e r i e s i s r e l a t i v e l y s m a l l e r t h a n 

the o the r s and i s not b roken down w i t h r e s p e c t t o t h e a g e n t used so 

r e s u l t s are d i f f i c u l t t o i n t e r p r e t . Fu r the rmore t h e i r f i n d i n g s a r e a t 

variance wi th those of Wade e t a l (1948) wno f a i l e d t o i n f l u e n c e t h e l i f e 

span of p a t i e n t s w i t h c i r r h o s i s by supplementing; t h e i r d i e t s w i t h 1 - 8 gms. 
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of choline and 0.9 gm. of methionine per day. buck (1948) l ikewise 

found that l ipo t ropes were of no added velus in p a t i a n t s who could eat 

an adequate d i e t . 
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TKb NJiBD FOR OBJECTIVE C R I T ^ I A IN ASSESSING TEE ;KiEohE?EUTIC RE ffllRJiMENTS 

ixm EFFECTIVENESS OF LIPOTROPES 

Even from a n o n - c r i t i c a l survey of t h e t h e r a p e u t i c t r i a l s j u s t c i t e d 

i t i s ev ident t h a t o b j e c t i v e and q u a n t i t a t i v e c r i t e r i a a r e r e q u i r e d , 

(a) t o a s s e s s the d e g r e e and n a t u r e of l i p c t r o o e d e f i c i e n c y ( i f such 

e x i s t s ) i n human l i v e r d i s e a s e , p a r t i c u T a r l y c i r r h o s i s ; and (b) t o judge 

the t h e r a p e u t i c r e q u i r e m e n t s and e f f e c t i v e n e s s of l ipo t rop .e t h e r a p y i n 

co r rec t ing t h i s , as y e t h y p o t h e t i c a l , d e f i c i e n c y . 

Here tofore a l l r e p o r t e d s e r i e s have u t i l i z e d l i p o t r o p e s onlv as 

supplements t o d i e t s a l r e a d y h igh in l i p o t r o p e s or t h e i r p r e c u r s o r s , and 

therefore a r e of d o u b t f u l v a l u e as i n d i c a t o r s of t h e r a p e u t i c e f f e c t i v e ­

ness. Fur thermore i t i s u n l i k e l y t h a t t h i s p o i n t can be e s t a b l i s h e d by 

c l i n i c a l methods fo r some t ime s ince t h i s would invo lve r i s k i n g t h e 

chances for r e c o v e r y of t h e c o n t r o l g r o u p . I n such an exper iment t h e 

s s r i e s would r e q u i r e tobe l a r g e and c a r e f u l l y s e l e c t e d and b o t h c o n t r o l 

and t r e a t e d groups would have t o be m a i n t a i n e d f o r long p e r i o d s on b a s a l 

d ie t s sub optimum w i t h r e s p e c t t o l i p o t r o ~ o s . Only t hen could d i f f e r e n c e s 

in the r a t e of p r o g r e s s of t h e two g roups be a t t r i b u t e d PO t h e l i p o t r o p e 

therapy used i n t h e t r e a t e d c a s e s . 

I t i s ev iden t t h e n t h a t infcwm^tion of p r a c t i c a l v a l u e i s more 

l ike ly t o accrue from t i e a p p l i c a t i o n of some d i r e c t l a b o r a t o r y t e s t 

as an aid t o e s t a b l i s h i n g t h e i n d i c a t i o n s f o r and the e f f i c a c y of l i p ­

otrope t h e r a p y . To t h i s end a method was sought f o r t h e q u a n t i t a t i v e 

es t imat ion of c h o l i n e i n b i o l o g i c a l f l u i d s . 
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METHODS FOR THE ASSAY OF CHOLINE 

REVIEW OF OEEiVilCAL LPCT-CES 

Per iod ide — As e a r l y as 1°35 O r i e s and Earrow u t i l i z e d t h e i n s o l u b i l i t y 

of the pe r iod ide s a l t t o i s o l a t e c h o l i n e . In 1896 t h e F l o r e n c e t e s t f o r 

semen was developed which depended on the ^i^dip.o of t y p i c a l brown c r y ­

s t a l s . Within a re<?r a number of O-ermaii workers r e p o r t e d p o s i t i v e F l o r e n c e 

t e s t s on a v a r i e t y of human s e c r e t i -P IS o t h e r t h a n semen, and on h y d r o -

lyzed e~~- yo lks anl j u i c e s of p l a n t s i h c l u o i n p w i n e s , wi th in 5 y e a r s 

i t was f i rmly e s t a b l i s h e d t h a t F l o r e n c e c r y s t a l s were cho l ine p e r i o d i d e . 

Rosenheim (1905) combined t h e p e r i o d i d e r e a c t i o n on t h e m i c r o s c o p i c 

s l ide ad th c h l o r o p l a t i n a t e p r e c i p i t a t i o n i n a l c o h o l as a c h a r a c t e r i s t i c 

t e s t for Cho l ine , and .booth (1935) r e s tud ied t h e p r o c e d u r e , n o t i n g t h a t 

the l i m i t i n p d i l u t i o n of c h o l i a was 1:1;0,000. Kahane and Levy (1939) 

attempted t o modify t h e method f o r a s s ? y by nc t ina ; the g r e a t e s t d i l u t i o n 

of an unknown s o l u t i o n which would v i e Id. C h a r a c t e r i s t i c c r y s t a l s . 

T r i - i o d i d e — Stanek (1905) dev i sed p.n a s say u t i l i z i n g c h o l i n e t r i -

iodide but i t was l a t e r r e p o r t e d by S tanak UIP.I o t h e r s t h a t b e t a i n e , 

p r o t e i n s , p e p t o n e s , p u r i n e s , a l k a l o i d s and v a r i o u s o the r s u b s t a n c e s 

were a l s o p r e c i p i t a t e d . M o d i f i c a t i o n s of t he S tanek method were d e s ­

cr ibed by Sharpe ( 1 9 2 3 ) , itoman (1930) and Maxim ( 1 9 3 1 ) . Reman*s method 

was the f i r s t m ic rochemica l method and ar-s s t a t e d t o be capab le of a s s a y 

ing as l i t t l e as 5 . 0 mic rograms . E r i c k s o n , A v r i n , Teague and Wi l l i ams 

(1940) added c e r t a i n imTrovements t o t h e t r i - i o d i d e method bu t t h e 

phys i ca l c o n d i t i o n s s t i l l r e q u i r e c a r e f u l c o n t r o l and t h e method i s n o t 

very s p e c i f i c . 

Reineckate. — I n 1929 P a a l used ammonium r e i n e c k a t e t o p r e c i p i t a t e t h e 

chol ine f reed from hydro lyzed l e c i t h i n and Kapfhammer and B i s c h o l l ( l 9 3 0 ) 
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md Beattie (1936) modified tne method to a c.Colorimetric procedure 

itilizing the pink color developed by dissolving the precipitate in 

icetone. However, other bases besides choline are precipitated and 

ralues are generally too high. Certain modifications including control 

>f tne physical conditions as developed by Strack and Schwaneberg (1936), 

Increased the specificity. Shaw (1938) combined reineckate precipitation 

;ith iodemetric titration and. lacobi, Bauman and Meek (1941) adapted the 

aethod for photoelectric colour measurement. 

Engel (1942) added further improvements using methanal for more 

complete extraction of lipid.sand altering the technique so that alkaline 

aydrolysis of phospholipids was more complete. 

Possibly the most sensitive and specific of the reineckate procedures 

Is that of Marenzi and Card in i (194.3) which is based on the colorimetric 

letermination of the chromium content of the reineckate (Cazeneuve, 1900) 

)y which as little as 15 micrograms can be determined with accuracy, 

iowever, even this degree of sensitivity is rather inadequate for a study 

3f biological fluids. 

Nidation -- Lintze 11 and Fomin (1931) utilized the oxidation of choline 

;o trimethylamine for devising an assay based on the titration of the 

rolatile bases which distill from the reaction mixture. The method was 

aodified later and conditions devised which increased its specificity but 

.t is still not applicable in the presence of other quaternary ammonium 

)ases. 

In summary, the chemical micromethods are suitable for estimation of 

'elatively large amounts of choline in choline-rich material such as 

hospholipids from which other quaternary ammonium bases are absent. They 

o not possess satisfactory sensitivity or specificity for the assay of 
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the small f f ree oholine* f r a c t i o n in body f l u i d s . The s i t u a t i o n was 

appraised by Lucas and Best (1943) as fo l lows : ' F a i l u r e t o d iscover a 

precipi tant or chromogenic compound wi th high, s p e c i f i c i t y for chol ine 

leaves the chemical e s t ima t ion a problem for the f u t u r e . ' 

REVIEW OF BIOLOGICiiL IhETHOES 

Acetylcholine Bioassay — F i r s t descr ibed by Hunt and Taveau in 1906 t h i s 

method exploi tes the powerful phys io log i ca l a c t i v i t y of ace ty la ted cho l ine 

which under c e r t a i n condi t ions i s from 1,000 t o 100,000 t imes as powerful 

as choline. The method "as developed in d e t a i l by Hunt (1914; 1915) us ing 

the i so la ted froa- hear t for b ioassay; by Guggenheim and Loff ler (1916) and 

Fuhner (1916) using the i so la t ed guinea p i g ' s i n t e s t i n e . The l a t t e r author 

noted in 1913 tha t e s e r i ne po ten t i a ted the effect of ace ty lcho l ine on the 

dorsal muscle of the l eech . Minx: (1932) and Chang and G-addum (1933) in 

further s tudies of the ese r in ized leech muscle method found i t t o be both 

specific end s e n s i t i v e . The i n i t i a l problem i s t o separa te the chol ine 

fraction which i s then ace ty la ted by the method of Abderhclden and 

Paffrath (1925) as used by F l e t c h e r , Best and Solandt (1935) or by the 

method of Abdon and Ljungdahi:Osterg (1944) and then assayed by i t s 

inhibi tory effect on the con t rac t ion of the dorsa l muscle of the l e e c h . 

This method has not been more widely a p l ied because as Best (1943) r e ­

marks ' i t possesses many dangerous p i t f a l l s for the chemist and i s only 

re l i ab le in the hands of a competent p h y s i o l o g i s t . Alcohol, calcium 

potassium, h is tamine , adenosine compounds, t r a c e s of l e c i t h i n p r o t e i n 

choles te ro l , e t c . may cause profound d i s tu rbances in the a s s a y . ' 

M - ^ i o a s s a y ~ «ngel 11942) described a crude b ioassay using the p r o t ­

ective effect of cho l ine against the development of hemorrhagic kidneys 

in young r a t s on d e f i c i e n t d i e t s . 
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Neurospora m i c r o b i o l o g i c a l A - s a y — I n view of t he d e f i c i e n c i e s of chemica l 

methods and t h e d i f f i c u l t i e s of t he a c e t y l c h o l i n e method, t h e r e was c o n s i d e r ­

able i n t e r e s t i n t h - d e s c r i p t i o n by Horowitz and Beadle (1943) of a Neuro­

spora m i c r o b i o l o g i c a l method which claimed bo th s e n s i t i v i t y and s p e c i f i c i t y . 

before d e s c r i b i n g t h e method of Horowitz and Headle or i t s m o d i f i c a t i o n f o r 

blood ?,nd u r i n e (Luecke and Pea r son , 1944) , i t i s perhaps d e s i r a b l e t o ou t ­

l ine t h e scope and n a t u r e of t h e ^o le of iMeurcspora mutants in b i o c h e m i s t r y . 

This i s p a r t i c u l a r l y t r u e because of t h e newness of the sub jec t and t h e 

i nc r ea s ing a p p l i c a t i o n s of t h e s e organisms t o the s tudy of b iochemica l 

problems. 

APPLICATIONS OF NEUROSPORA TO BIOCHEMISTRY 

Neurospora i s t h e name given t o a group of p i n k - c o l o r e d , h e a t - r e s i s t ­

ant bread molds which have long been famil ia l* nes t s around b a k e r i e s , 

p a r t i c u l a r l y be fo re the use of mold i n h i b i t o r s . The f i r s t s c i e n t i f i c s tudy 

of iMeurospora was made in t h e l a t e n i n e t e e n t h cen tu ry by a JJatch b o t a n i s t , 

mient, who o b t a i n e d c u l t u r e s from peanut meal en* c a r r i e d out s t u d i e s of t h e 

growth r e q u i r e m e n t s . On one occas ion he noted remarkable growth s t imulus 

from the use of a net* b a t c h of sugar i n t he medium. Th i s was almost 

c e r t a i n l y t h e r e s u l t of con tamina t ion wit1^ b i o t i n , the only v i t a m i n - l i k e 

substance r e q u i r e d by the ora-anism. a l t h o u g h puzzled by t h i s e f f e c t , .lent 

f a i l e d t o r e c o a n i z e i t f o r ^ l a t i t was nd vitwmins - en t undiscovered for 

another g e n e r a t i o n . 

In 19^7 Lio&fr.? name.'-: t ne genus neu rospo ra ( formerly S i t o p h i l a ) , and 

desc r ibed t h r e e s p e c i e s — s i t o p h i l a , c r a s s a and t e t r a s p e r m a . He poin ted 

out t h e p o s s i b i l i t i e s i n h e r e n t in t h e s e organisms fo r g e n e t i c s t u d i e s and 

the c o n t r i b u t i o n which t hey made t o s c i ence dur ing t h e next decaae was in 

t h i s d i r e c t i o n . 
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The Life Cycle of Neuros.oia. (See Fig. l9 pz<?e 67) — The mycelium consists 

of cylindrical vegetative hyphee with septae at intervals and about 20 

nuclei in each segment. Groxvth occurs by branching and by elongation at 

the tips of the hyphae. After a few d -ys of prewth, cnaips of multin­

ucleated asexual spores called macroconidia are cut off at the tips of 

some aerial hyphae and in addition, some uninucleated microconidia are 

produced. Vegetative reproduction nay occur by microconidia, macroconidia 

or fragments of mycelium. Neurospora are heterothallic, i.e. strains of 

two sexes exist which are morphological identical but physiologically 

distinct. Fusion of hyphae of sex A end sex a results in the formation 

of a sexual fruiting body or perithecium in which meictic division gives 

rise to 8 nuclei with 7 chromosomes. These develop into ascospores which 

may germinate and grow into vegetative hyphae. Alternatively, perithecia 

may arise from protoperith.eeia (developed under certain, conditions from 

macroconidia) following fertilization by conidia or mycelial fragments of 

the opposite sex. 

The amplications of Neurospora to science have been along three 

general lines: genetic studies; cellular metabolism studies; and micro­

biological assay procedures. Although yeasts eh."1 bacteria have been 

utilized in microbiological assays for some time, molds as a group were 

not applied for this purpose until certain biochemically deficient mutants 

of Neurospora were developed about 10 years ago. 

Biological Characteristics of Neurospora. -- Neurospora is uniquely suited 

for such work for several reasons: Its life cycle is such as to facilitate 

genetic control and analysis. It is easily grown, wild type strains 

require only a simple medium containing a carbon and energy source such as 

glucos., a nitrogen source and several orpanic salts. It is so biochemic­

ally versatile that it can synthesize all of its vitamin-like requirements 

http://protoperith.ee
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except b i o t i n . I t i s not f a s t i d i o u s as regards c u l t u r a l condi t ions and 

can t o l e r a t e wide l i m i t s of tempera ture , pH and oxygen supply. I t lends 

i t s e l f t o the development of mutant s t r a i n s in response t o var ious forms 

of ionizing r a d i a t i o n or chemical i n s u l t . 

Mutants of Neurospora — I t was f i r s t noted about 10 years ago tha t some 

of these a r t i f i c i a l mutants had l o s t the a b i l i t y t o synthesize one or 

other growth substance so t h a t they could no longer l ive on minimal media 

unless t h i s substance were supp l ied . 

Thus began the mass t reatment and t e s t i n g of Neurospora s t r a i n s in an 

attempt to discover fur ther mutants with defec ts as regards synthes is of 

growth e s s e n t i a l s . Tc date about 200,000 wild s t r a i n s have been so t r ea t ed 

and several dozen d i f f e ren t eiutants detected with a l te red n u t r i t i o n a l r e ­

quirements mostly with respect t o vi tamins of the B group, amino ac id s , 

purine and pyrimidine bases . 

The general procedure for producing, de tec t ing and, studying a r t i f i c i a l mutants 

was described by Beadle and Tatum in 1945. Dry conidia are exposed t o 

u l t r a v i o l e t , x - r a y s , neutron bombardment or n i t rogen mustard and are then 

applied to p r o t o p e r i t h e c i a of the opposite sex in cu l ture t ubes , v/hen the 

f e r t i l i z ed per i thecium matures , an ascospore i s removed by micromanipul­

ation and i so la t ed by washing with a hypochlor i te so lu t ion which des t roys 

a l l other fungal e lements . The s ingle ascospore i s heat ac t iva ted and 

germinated on an adequate medium t o produce a gene t i c a l l y homogeneous 

s t r a i n . Transfers are then made t o severa l minimal media where growth 

depends on the a b i l i t y t o ca r ry out normal s y n t h e s i s . Any mutant which 

is unable t o grow on these media i s studied fu r the r by adding var ious 

growth substances in tu rn u n t i l the defect in b iosyn thes i s i s d e t e c t e d . 

The concept has been developed (Tatum, 1946) t ha t the biochemical 



(70) 

reactions in a given synthesis iavolve the cooperation of corresponding 

enzymes and genes. Production of each enzyme is controlled by a specific 

gene'which is thereby in dynamic control of the biochemical reaction. In 

all of the mutants studied it has been found that a single defect in 

synthesis is associated with mutation of a single gene. 

Neurospora in Cell ivietabolism Studies — Tne mutation of a gene controlling 

one or other enzymatic ally-catalyzed reaction within the csll results in 

the stopping of the metabolic process at this stage. As a result there 

may be en accumulation of °n intermediate c cm pound which ordinarily is 

so transient that it cannot be recognized. ^ naturally-occurring example 

of such a genetic block is that seen in alkaptonurics in which the 

breakdown of phenylalanine and tyrosine is blocked at tne 2,-5 dihydroxy-

phenyl acetic acid level. Similar genetically-controlled metabolic 

defects exist in congenital porphrvnuria, cystinuria, tyrosinuria, lev-

ulosuria, pentosuria and phenylpyruvic oligophrenia. 

Neurospora mutants have aided in indicating the synthesis of meth­

ionine. Four single-gene methionineless mutants ^reduced-by radiation 

have bean studied. The synthesis happens to be blocked at a different 

stage in each, hence 

iwethiohineless-1 can utilize methionine only, 
Methieei:_eless-2 can utilize methionine or homocystine, 
ihethionineless-3 can utilize methionine or horoevs+ine or cystathionine, 
iviethionin :less-4 can utilize methionine, homcegstine, cystathionine or 

cystine. 

These findings published by Horowitz in 1947 su.. ̂ est that cystine is 

converted into methionine by wsy <f cystathionine ana homocystine, each 

step being under genetic control. 

This example of the use of neurospora in cellular metabolism studies 

is one of many which could be cited. In theory, it should ultimately be 
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possible to produce mutants with blocks at every stage of every synthesis 

carried out by the organism. In this regard it is fortunate that wild 

strain Neurospora is remarkably versatile in a biochemical sense, being 

capable of a large number of syntheses which have counterparts in mammals. 

The further study of Neurospora mutants in this manner can therefore be 

confidently expected to provide a great deal more information regarding 

cellular metabolism. 

Neurospora in Microbiological Assays — Neurospora mutants are now avail­

able for the assay of all of the B vitamins except folic acid and B 12, 

as well as for the amino acids arginine, tryptophane, lysine, leucine, 

isoleucine, valine and proline. The growth response may be gauged by any 

of the following m:-thods: 

1. The rate of progression of the mycelial frontier in a horizontal 

tube of solid medium containing trie material to be assayed. (Ryan, 

Beadle and Tatum, 1943). 

2. The diameter of a colony on soli:! medium in a Petri dish as an index 

of the vit•--min coutent of the mediurn. (Bacharach, 1947). 

3. Microscopic observation of Mue rate of 'narmination of conidia after 

the addition of vitamin-containing extract to ths medium. (Ryan, 1946). 

4. Dry weight of ei.yoelium harvested from liquid medium after growth has 

ceased, i.e. the extant of growth relative to the added vitamin. 

5. Dry weight of my-elium harvested from liquid meaium aft°r a. given 

incubation period, i.e. the rate of growth relative to the added vitamin, 

The last-mentioned method was the one employed by Horowitz and Beadle 

(1943) for the assay of choline in tissue extracts by the use of a 'choline-

less' strain of Neurospora #34436. 
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Briefly s t a t e d , the p r i n c i p l e of the assay i s aw fol lows: When 

' cho l ine less ' Neurospora. i s groepi under standard condi t ions in a medium 

optirapw with respec t t o a l l requirements except cho l ine , the growth 

response i s r e la ted t o the quan t i ty of chol ine p r e sen t . Thus by simul­

taneously determining the growth response t o known quan t i t i e s of choline 

one may ca lcu la te the choline content of the 'unhhopai'. 
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fflKS OF NEUROSPORA MURCBIOLQGJ.CAL ASS^Y OF CHOLINE 

^* Method of Horowitz and Beadle i s b r i e f l y a s f o l l o w s : 

The a*say i s c a r r i e d out i n a s e r i e s of 250 m l . Er lenmeyer f l a s k s 

each containing 25 m l . of c h o l i n e - f r e - r u ' . t u r . - e ^ i u m . To t h i s i s added 

appropriate amounts or' t ne e x t r a c t a t o be l e s . ^ ^ -on- t he f l a s k s a r e 

plumed and s t e r i l i z e d by h e a t . A f t e r coMin." t h e - - a - i n a ^ u ^ a t o ^ w t h 

a 'choline l e s s 1 s t r a i n of Neurospora anf i n t u b a t e d a t 25°C. f o r t h r e e 

days. The amoamt of mycelium which grows i s i n p r o p o r t i o n t o t h e amount 

of choline a v a i l a b l e fo r i4*0 n u t r i t i o n . The mvc'-i ium forms a s o f t c o h e s i v e 

pat the size of which i s measured by i t c ; d.^y v T - i g l t . The qu n t i + y of 

choline in ths 'unknoeTi' f l a s k s i s ^a l e g a t e d , f^-om r a f - ^ n o e t o a s t a n d a r d 

corva areparsd s imu l t aneous ly by addino hn^wn amount.? of c h o l i n e t o a 

series of f l a s v s and -1-ota:ing t n e m y c e l i a l y i e l d s o b t a i n e d a g a i n s t t h e 

quant i t ies of cho l ine added. 

Unfortunataly Jicrovritz n- ja-£dle r] id n r t d e s c r i b e t . i s i r t e c h n i q u e 

in suff ic ient d e t a i l t o permi t a n o t h e r T,Tor • e r t o r - - r o d u c s i t w i t h any 

exact i tude. In the course of s - v e r a l month0 e"v njai.-.uco Tnibh p^e method 

p. number of d i f f i c u l t i e s - - r e -ucount PPP -no * - v e r a l m o d i f i c a t i o n s ware 

developed t o improve the accu racy of t h e t e c h n i q u e end t o f a c i l i t a t e l.he 

manipulations. 

M ^ i c £ t i o n s _ o O ^ which have, been evo lved 

t i l l be descr ibed in a s t e p - b y - s t e p o u t l i n e of t h e p rocedure ^nd w i l l be 

followed by a p r e s e n t a t i o n of e x p e r i m e n t a l r „ u l t s p e r t i n e n t t o t h e more 

important m o d i f i c a t i o n s . 

l a^ R e p a r a t i o n mr r ^ i t , ^ , M-dir 

a S - C f i s J ^ ^ used by Horowitz and B e , d i e 

contained F r i e s * 3 s a l t m i x t u r e ( F r i e s , 1938) i n t n r o e t i m e s t h e c o n c e p ­

t i o n H n a i i g r e q u i r e d fo r t h e ' A . s a y Medium' . I n t h i s c o n c e n t r a t i o n 
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the sal ts tended t o p r e c i p i t a t e during s torage in the cold but t h i s 

difficulty was not encountered with double s t r e n g t h medium of tne fo l low­

ing composition in tmis. per l i t r e : *monium t a r t r a t e 1 0 . 0 ; ammonium 

nitrate 2.0; monobasic potassium phosphate 2 .0 ; magnesium s u l p h a t e . h e p t a -

hydrate 1.0; sodium chlor ide 0 .2 ; calcium ch lo r ide 0 . 2 ; the fol lowing 

trace elements ( i n m g . per l i t r e ) ; boron 0 .02; -oppor 0 .20 ; i ron 0 .40; 

manganese 0.04; molybdenum 0 . 0 - ; zinc 0 . 0 1 . I t was found tbyt mix tures 

of sal ts ( v . i . ) containing these t r a c e elements could not be s to red in 

solution (due to p r e c i p i t a t i o n on - t - n ^ i n g ) , or as the dr ied r e s idue of 

an aqueous solution (due t o r e l a t i v e i n s o l u b i l i t y ) or as a mixture of 

dried powdered s a l t s (because on in t imate mixing, water of c r y s t a l l i z ­

ation was released and the mixture became <z p a s t e ) . Since time did not 

permit invest igat ion of numerous combinations of va r ious s a l t s of t h e s e 

elements in an effort t o obtain an i d e a l mix tu re , the expedient was 

adopted of preparing ind iv idua l so lu t ions of the fol lowing s a l t s and 

adding 0,25 ml. of each so lu t ion t o each l i t r e of d o u b l e - s t r e n g t h ' b a s a l 

medium' with the expecta t ion t n a t at t h i s high d i l u t i o n inso lub le compounds 

would not be formed. Tne grea t imper-ence of the tr--.ee e lem-nts t o the 

growth of Neurospora i s demonstrated in F i g . I l l , page 8 5 . 

The Trace iS dements So lu t ions are r e s p e c t i v e l y of the fo l lowing 

concentrations expressed as m*. per 100 m l . : sodium bora te 35; ammonium 

*olybdats 15; f e r r i c Chloride . sex ihydra te 365; zinc su lpha t e .hep tahydra t e 

345; cupric chlor ide SO; manganese c . a o r i d e . q u a d r i h y d r a t e 30. 

The basal medium was r o u t i n e l y are ared in 6 l i t r e ba t ches , d iv ided 

into 1,000 ml. Erlenmeyer f l a s k s , p l U g ? d with c o t t o n , s t e r i l i s e d by 

S l a v i n g , l a b e l l e c , dated ano s tored in the r e f r i g e r a t o r . 

http://tr--.ee
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The Assay Medium which i s used t o charge the c u l t u r e f l a s k s has 

the following composition per 100 m l . : Doub le - s t r eng th ' b a s a l medium', 50 m l . ; 

sucrose, 2.0 gm.; b i o t i n 0.5 micrograms (s tored a t 4 0 as a s o l u t i o n 

containing 5.0 micrograms per m l . ) ; and d i s t i l l e d water up t o 100 m l . 

This medium i s prepared f resh ly each day, the requi rements being c a l c u l ­

ated on the basis of 25 ml. for each f l a s k of the a s say . 

The 'Stock Medium'. a sol id medium used t o prepare s lopes fo r 

the maintenance of the stock c u l t u r e s of Neurospora, has the fol lowing 

formula: double-strength basa l medium 50 m l . ; g l y c e r o l ( s p . g r , 1.25) 

1,6 ml.; solution of hydrolyzad case in ( 'Parenemine ' , S tea rns ) 0.42 m l , ; 

choline chloride 0.10 mg. "(20.0 ml. of working s tandard s o l u t i o n ) ; yea s t 

extract Difcc 0.5 gm.; malt e x t r c t Bifco 0.5 gm. ; agar 1.5 gm.; d i s t i l l e d 

water to 100 ml. After the agar i s melted i n to s o l u t i o n in a b o i l i n g 

v/ater bath, the medium i s added t o 13 x IX) mm. t e s t t u b e s , the amount 

being adjusted so tha t there wi.-»l be .<- short bu t t t o the s l opes . The 

tubes are plu g-ed with co t ton , s t - r i l i z o d by au toc l ev ing , s loped, cooled 

end stored in the r e f r i g e r a t o r u n t i l r e q u i r e d , 

^ Stock Cultures of Neurospora 

Of the four- ' c h o l i n e l e - s ' mutants of Neurospora c - s s s a a v a i l a b l e 

#34486 is the most r e s t r i c t e d as t o i t s requirements for cho l i ne . (Hor­

owitz, Bonner and Houlahsji, 1945). K c u l t u r e of t h i s s t r a i n was k ind ly 

forwarded by a i r mai l through the kindness of Or . N.H. Horowitz of 

Stanford University in June,1948 and has been maintained as a pure c u l t u r e 

sines that time. 

The stock c u l t u r e s are incubated at 25 o . ahid. subcul ture* t o a f r e s h 

sloie of 'stock mediu::i' every 7 days employing the usu,a a sep t i c p r e ­

cautions. The 7-day period i s convenient :^ince i t meon s t ha t a subcu l t u r e 

http://sp.gr
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is made on each day of the week t h a t assays are sot up . In t h i s way 

the inoculating suspension i s alv:?ys pre pared from a 7-dsy-old c u l t u r e 

thereby minimizing v a r i a t i o n s in growth r a t e r s l e t e d t o t he age of t h e 

culture. (At i n t e r v a l s reserve stock c u l t u r e s are grn^n and s tored a t 

4<>h, against the continpyncy tha t cu r ren t c u l t u r e s might become con­

taminated.) Checks on the pu r i ty of the stock c u l t u r e are afforded by 

observation of gross morphology on both so l id and l i q u i d media, mic ro ­

scopic examination of morphology, and by the f ind ing t h a t only very 

l i t t l e growth i s obtained in the absence of c h o l i n e , as in the ' b l a n k ' 

assay f lask. 

(c) Preparation of Mycel ial Suspension 

After the subculture i s T s c a r e d 5 ml . of s t e r i l e neater i s added t o 

the donor tube and the r maining mycelium i s scraped from the slope and 

emulsified with the aid of the wire t o provide the t u r b i d suspension of 

mycelial fragments :end eonidia which i s used t o i nocu la t e the c u l t u r e 

flasks. 

Id) Culture Flasks 

Limitation of incubator space enjoined the use of 125 ml. Erlenmeyer 

flasks ra ther than the recommended 250 ml. s i z e . The myce l i a l y i e l d i s 

about 405ft less in the smaller f l a s k s due t o the smal ler surface a rea of 

medium but i t i s adequate for easy ha rves t i ng and accura te weighing. 

i t was repeatedly noted t h a t f l a s k s in which the co t t on plug became 

moistened during s t e r i l i z a t i o n gave unexpectedly low y i e l d s presumably 

Sue to interference wi th exchange of r e s p i r a t o r y - a s e s . The use of 

inverted 50 ml. beakers as caps t o r ep lace the Plugs avoids t h i s source 

of error and e f f ec t ive ly guards agains t a i r -borne contaminants . 
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(ej ThP. incubator 

The most commonly used temperature for i ncuba t ion of neurospora i s 

2 ^ C . although a range up to 30*C. i s f a i r l y s a t i s f a c t o r y . The incuba to r 

•mist incorporate f a c i l i t i e s for both coolin.; below and warming above r-om 

tem-srature, since Prevalent summer-time l abo ra to ry tempera tures a re of ten 

above 25 C. 

A water-jacketed incubate- can be cooled by running t a p water 

through the jacket and the f i n a r adjustments of t emper - tu re c o n t r o l l e d by 

a thermostatically-rea/ulated e l e c t r i c h e ^ t i n r *l^men+. A small a i r - c i r ­

culating fen within the incubator i s d e s i r a b l e t o aid in e a u a l i z i n g the 

temperature. The motor should be mounted outs ide the cabinet t o exclude 

the heat generated and i t should b^ borne in mind 4-Vt v i b r a t i o n i^ said 

to effect the r* te of rropyP: of mo Ida . 

Ti:e import.-nee of equ - l i z ing temperatures throughout the incuba tor 

was indicated by ^asap*- VI in vihi-'h i t wa- fourr1 t h a t inoreasi.n- t h e 

incubating temperature from 2S.8°C. t o 31.0*C. decreasec v.ie y i e l d of 

ryceliu_ in comparable l l a a k s as much as 2Cfa. Temperature d i f f e r e n t i a l s 

between i iashs of tne same ass;: 7 can be minimized by p lac ing a l l f l a s k s of 

a single assay on the seme she l f . Eyen then r a d i a n t he; at in-- w f e c t s 

from the heating element aro not af fected by a i r c u r - a n t s and impinge 

most strongly on the nearby f l a s k s , *s a r e s u l t of these f a c t o r s i t i s 

difficult to obtain optimum condi t ions except in a r e f r i g e r a t i n g incuba tor 

of tns 'constant tempera ture! type such as t ha t employed, for 'B .O .D . ' 

(biochemical oxygen demand) d e t e m i n e t i ons . 

( f ) J£eparatiorp_of Standard So lu t ions of Choline 

The following technique was evolved (see page 86 ) in order t o ensure 

constancy of stock standard s o l u t i o n s from month t o month: Erom 25 t o 30 

m g . Of Pp-r<a ft>,Al4«« - L i . . . . . . . . . . 
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i n a vacuumed des iccator u n t i l the weight i s c o n s t a n t . The amount of 

choline is calculated (chol ine = 86.78^ chol ine c h l o r i d e ) and d i s s o l v e d 

in the volume of absolute e thanol r equ i r ed t o produce a s o l u t i o n c o n t a i n ­

ing 250 micrograms of choline per m i l l i l i t r e . Exac t ly 1.0 ml, of t h i s 

solution is placed in each of a dozen or mor- 50 ml . volumetr ic f l a s k s 

which are stoppered and store? in the r e f r i g e r a t o r . 

Working Standard Solut ion conta in ing 5 micrograms per ml. of cho l ine 

as choline chloride i s pr. pared at tne beginning of each week by adding 

about 30 ml. of distil"* ed water to one of the 50 ml. volumetr ic f l a s k s 

containing 250 microgr ms of cho l ine , s t e r i l i z i n g by au toc l av ing , and 

when cod making up toyolume with s t e r i l e d i s t i l l e d water . Tne s o l u t i o n 

is stored in the r e a ' r i g s r . t o r amd a l i q u o t s for use are removed a s e p t i c ^ 

ally by pouring from the flamed mouth of tne f eaak i n t o a separa te 

container thus avoiding contamination wi th moulds or o ther choline-consuming 

organisms. 

The accuracy of the wei-hing and p r e p a r a t i o n of s o l u t i o n s i s checked 

by determinations of t o t a l n i t rogen (11.56/* of chol ine) and. ch lo r ide 

(25.4% of choline c h l o r i d e ) . Tne only check poss ib le on the a c t u a l cho l ine 

activity of a solut ion i s by a.n ace ty l cho l ine or - e n s i t i v a chemical assay 

although a crude check i s afforded by nctin,-; in eaon assay the growth 

response to a ce r t a in known amount of chol ine under the s tandard c o n d i t i o n s 

of the t e s t . eg. using the technique t o be desc r ibed , 5 micrograms of 

choline per f lask y i e ld s about a t n , of dr ied mycelium, A s u b s t a n t i a l l y 

smal l - yield suggests decay of the s o l u t i o n and a l a m e r y ie ld sugges ts 

contamination with a non-cho l ine le s s organism. 

^ l&e 'Standard S e r i e s ' 

The amount of chol ine which ^ave. r i s e t o th« fnn«* 
a ve r i s e t o the found amount of mycelium 

i l l amr c.i— 



(79) 

plottsd from 4 or 5 points d e t a i n e d iu du; l i c t e , cr , r : - r , 0 7 i n 

t r i r l i c a t e . »ue to the effect of a . u - t o r of ' o u i l d - i n ' v s r i a b l . 

- • - ft^a,+ +>.- -povth '-.*" LMeuvos-oora i t i s nee as-ry (see F i g . factors vjnich affect thw ch. owt..i . ~ 

X, pare?*) to prepare a new- stand: rd curve for e*ch * s ^ y on the 

assumption that these physical v a r i a b l e s w i l l i ^ . i n ^ e equa l ly on t h e 

standard and t e s t f l a s k s . 

For tne standard s .n ies fiv.- 125 i l . - n l . n e iyer f a s h s a - s , t up 

(in duviic&te or t r i p l i c a t e ) con t a ih i -g s e r i a l l y , 0 .25 , C*l. 1.0, 1.5 

and3.0i.i l . of working standard so lu t ion r e p r e s e n t i n g l . o 5 , 2 . 5 , 5 . 0 , 

7.5 and 15.0 m i c r o h m s cf choline r e s p e c t i v e l y , 

(n) The 'Test S e r i e s ' 

Appropriate ex t r ac t s of th-. m a t e r i e l t o be aas-ap.-l are -similarly 

added to label1 ed cu'.ture fnachs in dup l i ca t e or . t r i p l i c a t e , u s u a l l y in 

aliquots of 1.0 and/or 2.0 m l . , the ex-r°cf being so adjusted in ^on-

csntrction tnat these amounts contain between 2 .0 end 10.0 micrograms 

in order that the r e s u l t a n t myce l ia l weights mey be ag^l ieo t o t h e most 

suitable portion of the standard curve . Publ ished methods »re a v a i l a b l e 

for the . reparat ion of extract . , from uvine, plasma, milk and - i l k p roduc t s , 

solid foodstuffs and animal t i s s u e ? . P r epa ra t i on of e x t r a c t s from 

huaan s:-rurj for free and t o t t l cno'in-e e s t ima t ion w i l l be desc r ibed 

later, 

li) Addition of the Medium 

Next, to eaoh f l a sk of both s e r i e s i s *, ded 25 ml. of assay medium 

^ i c h is convenient!- dispensed from a 100 ml. b u r e t t e with a t w - v * y 

stopcock to f a c i l i t a t e r e f i l l i n g from an overhead r e s e r v o i r . The t i p 

ot the burette ™ y be cut back t o permit more rap id d e l i y r y . 

http://and3.0i.il
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s which w w - t r i e d f >r t h i s p u r p - e zt.e 

i v , : j ' l h - l s t 0 he hanvesWd 

Cf a number of technique 

following Proved most convenient and e f f e c t i v 

r .no a s e r i e s of *..' i c i r o l e s of f i l t e r 
are arranged in numerical era 

#s> 3 ens . ) a re i a i d out in c o r r * ^ crv'in.' ord h -nd :er (dhatwam, #2 , 

: rn P . On the cen t r e of each U ^ c e d a. 1- inch d i -c numbered in one cc 

a r e r . (These d i s c = , .IUIC of fine lens rare: niciizr from bcr ' f l f 1 m s "-per 

8 local pr in t ina f i rm, wsra of zv.c\ p r i ^ n n i t y t h ? t ' / v "ats of r ndora 

sab les agrsed within 0 .1 m , ) . d - i r r an L-shapee h e t n l h o c v t n^ nv^e 1 !* 5 

are lifted from the f l a s ' ^ and ?xae~s l i p o i d PTUPV out by ~r<;cr;iar a g a i n s t 

le msiae ci tiw 
P -»- "n ^ >A 2, i " - •-••p •*- P n -^ 1 r- -• \ nye-ml i e l rpt. hen o1 

on the 

in such a vT,:y sm ^o 

liquid as possible i s then 

page 32). A s e r i e s of these f s a n 

ere-' -,Tith h e m i " i r a l e s cf " i ^ e r p<?.er the appropriate aps^ d i s c s , cov 

ave toe i d e n t i f y i n g numbers v i ' - i b l ^ , H>r a-; .uch 

sed out a- d i f i i f ^ r r - ^ s u r ? , ( M g . I I , 

.dwicnes' - r e t^ .n i a-r?n«_od i n a f o l d e r 

made by hinrmng t o p e t n . r too d - inan by 16- inch r , c U v°lee of c o a r s e i r * 

mesh. i:he folder i s closed bv c l i n ie + . P o,. .... -f... - , + „ + 
^ i . p — p;Le x. .--. 3 r t . - j t o v e t p ' and p l a c e d 

in an automatic f i l l - e n d - d r a i n p i o e - t e w .* -v - * r „ t .,n • . a n . 
^ t — - -r<- t-..o . . o x r s . By i n v e r t i n g 

the folder end-for-end at n i r - - w a i l l . i n „ . ^ . 
- . mic. . i n . e . l u ? I contact 7,1* h t h - ^<>h v; - ta r i -

assursd for a l l m y c l i . i mats r e g e r d l — of ^ i p r . + -
8 i j " r i o h e i i P o s i t i o n in t he f r i d > -

^ the end of the washino carlod . ^ .„ . . , f . . - - I L J U on en . . - c anes ' ar^ +u-- .» All«. 
out Oh t c re I s 

blotted +he ivn-'-r. i ' 
" w , ,;ae u r - r lav^^q n-P f̂  u . 

• - - Pep y ,H r o ^ • i * » n . v,^ -

T l l e oycel ia ere T.Uf.eri i „ 
4 - c ~ i n 8 n oven a t 60°C. f o r , , 

of whieli they , - i n v „ U ' ° h ' ^ a t t \ „ n d 
7 " X l 1 b e ^ ^ Should be of 8 , _ Q D d 
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Illustrating a convenient method for harvesting 

the mycelia and preparing them for the washing process. 

(At the step represented by (3) digital pressure is used to press 

as much of the fluid out of the mycelium as possible.j 

'WRING OUT' MYCELIAL 
MAT IN NECK OF FLASK. 

\ 
FOLDER MADE BY 

HINGING TWO 4"X 16" 
^ > SHEETS OF WIRE 

MESH. 
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washing has been adequate, since t races of sugar impart a brown color 

after heating. I t i s important to expose the dried mycelia to room 

atmosphere for at leas t an "hour before w Ighing because there i s a 

considerable uptake of moisture by the mycelia in the f i r s t 30 - 45 

minutes following- removal from the oven. 

(o) Weighing the juried Mycelia 

vieighing i s grea t ly f ac i l i t a t ed by t h i s technique since the mycelia 

adhere firmly to the lens paper discs and are eas i ly handled with forceps. 

Their weights may be read off d i rec t ly if another paper disc i s placed 

on the opposite sc°le pan a a a counterweight. Mycelia are weiphed to the 

nearest 0.2 mg. and duplicate '•.-eights that agr^e ^ i th in Idtfo are averaged. 

(p) Calculation of Results 

The choline content of the t e s t f lasks is obtained by applying the 

mycelial yields to the standard curve prepared simultaneously. 

(q) Re l i ab i l i ty of the Method 

Specif ici ty — Neurospora bioassay of choline i s not ent i rely specific 

since the following subst°nces also have growth ac t iv i ty for the choline-

less s t r a in : arsenocholine, phosphorylcholine, dinethylaminoethanal, 

monomethylaminoethanol, dimethylethylhyd^oxyethyl ammonium chloride, 

t r i - e t h y l choline, acetylcholine, methionine and choline-containing phos­

pholipids, pr inc ipal ly l ec i t h in . Of these on.lv the las t two occur * in 

significant concentrations in bogp t i s sues and f l u id s . Of 22 amino 

acids and 11 water-soluble vitamins tested by Horowitz and -beadle only 

methionine had growth-promoting ac t iv i ty for JMeurospor? and i t was only 

0,002 times as active a's choline. In any case, where methionine i s 

suspected of boing present in quantity i t can be removed by means of 

http://on.lv
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an adsorption procedure. (Horowitz and beadle, 1943). 

Handler (1946) states that lecithin stimulates onlv very slow 

growth of JMeurosporr , while Horowitz and -beanie report that about 50^ 

of the potentially available choline of lecithin is utilized by Neuros­

pora during a three-day incubation period. The latter is in accord with 

our obsaovations and emphasises the importance of complete removal of 

phospholipids before attempting to assay the free choline fraction of 

biological materials. 

Sensitivity — By the technique described, a? little as 1.5 micro­

grams of choline per flask is within the accurate range of the assay 

and since there is no objection to the addition of 5 ml. or more of 

extract, concentrations as low as 0,3 micrograms per ml. can be measured, 

ZLQPToducibility — Tne high and low values of 60 consecutive 

duplicates were found to deviate from the mean by an average of 3.05>. 

However, as pointed out by £>nell 11948) the non-random treatment of 

flamks results in 'exc-ssivaly good agreement' which 'does not reflect 

the true variation encountered in the assay as a whole.' /e have used 

deliberate random handling even to the point of incubatina the two 

flasks of duplicate determinations in different parts of the incubator, 

{r) Practicability of the Method 

driven the facilities describe'] end appropriate extracts for assay 

it would be reasonable to expect a technician to carrv out as w?ny as 

30 assays in duplicate ever- full working day. i'he tine-cons main"' proc­

edures are concerned with the preparation of the extracts of the 

material to be assayed. 
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iArERL»i&iTAL ^ 3 , I T S ^hLdh'IwG- TO STj-'vITDAî DÎ TIOM CI' V ^ I ^ L i i l FnCl'Cido 

I.L\ T-dhli . k i l l . j A w ^ h u ^ t u 

(l) Tiie lmeortem.cs of A v a i l a b i l i t y of Trace Elements can be apprec ia ted 

froia Figure I I I ^ be low) which demonstrates the cur ta i lment of growth 

resulting from absence of the t r a c e elements from the medium. 
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(4) The Optimum duration of Incubation — The incubation time 

suggested by previous authors for this mutant was 72 hours. In an 

attempt to determine the optimum period of incubation a series of stand­

ard curves were set up simultaneously and harvested after 2,3,4,5 and 6 

days respectively. From Figure V on the following page it is evident 

that the 5 and 6 day curves are more nearly linear and therefore superior 

to those obtained with shorter incubation. The importance of utilizing 

only the steeply-rising linear portion of the curve has recently been 

emphasized because it avoids arithmetic exaggeration of technical errors, 

(Wood, 1947) and according to Hod son (1945) it minimizes the effects of 

interfering substances as well. Figure VI, page 90 illustrates this point 

by shoning a a-day standard curve projected bTr the use of up to 45 micro­

grams of choline per assay flask. From the profile of the curve it is 

evident that the measurements of choline above 10 nicr^prmms per fl^sk 

are less accurate due to the fact that the curve 'plateaus' in this 

range. 

Figure VII, page 90 represents in a different manne- the principle 

shown in Figure V, i.e., nlth longer incubation -periods the gropth 

potential is more nearl^ realized in tnose f Tasks in the middle and UP per 

range of the standard s-ries. Lontpp
; incubation thus hn? the effect of 

improving the standard enrv- by rend peine: it steeper and more nearly linear. 

The disadvantages of the longer incubation is that more incubator 

space is require-", results are obtained more slowly and if the extract 

contains Phospholipids there is a aossibility of mor- extensive 'spon­

taneous' hydrolysis and -eagncitation of growth due to the split-off 

choline. It was consid-red that there possibilities did not outweigh 

the advantages of the 5-day incubation period wiich was therefore adopted as 

standard procedure. 
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(5) The D e s i r a b i l i t y of hashing the Mycelia — In connection with t he 

gravimetric method of .measuring the growth response , the re has been i n ­

sufficient emphasis placed on the d e s i r a b i l i t y of washing the mycelium 

fres of l iqu id medium 'which i s held in the meshes of the mycel ia l mat 

snd which because of i t s sucrose con ten t , in t roduces a considerable 

gravimetric e r r o r . I t i s seen from Figure V I I I , on the following page, 

that the presence of s o l i d s of the medium net only increases the height 

of the standard dose response curve but s i g n i f i c a n t l y a l t e r s i t s p r o f i l e 

as we l l . 

Neither Horowitz and Bead I s (1J43) nor Luecke and Pearson (1944) 

mention washing of the mycelia but S iege l (1945) suggested the use of 

f r i t t e d g la s s fun; e l s in which the mycelia would be washed, dried and 

weighed. However, wi th large scale assays t h i s method represents a 

considerable out lay for glassware, c r ea t e s a c leaning problem and in ­

volves weighing r e l a t i v e l y heavy conta iners in order t o obtain, by 

d i f ference , a r e s u l t amounting t o a few mi l l ig rams . Tne method out l ined 

previously (page 3l ) has been found to be a simple and ef fec t ive means 

of a/ashing the myce l ia . 

The g r e a t e r hygroscopic i ty of unwashed rants (F ig . IX) i s a fu r the r 

argument for i n d u i n g the washing process . Figure IX also i l l u s t r a t e s 

the weight gain shown by mycelia in the f i r s t 30 minutes a f te r removal 

from the drying oven. 
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PICURa X 
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HEE&&TIQN OF Jj%Ti*AQTS OF BLOOD FCPh ihSTLmPTION OF TOTAL AND 'Fd&E' CHOLINE 

l f CHOICE OF BLOOD FitaCTION FQrt STUDY 

From the t a b u l a t e d d a t a on blood c h o l i n e v a l u e s (page ) i t i s 

noted t ha t s e v e r a l d i f f e r e n t blood f r a c t i o n s have been u t i l i z e d fo r c h o l i n e 

assays by d i f f e r e n t w o r k e r s , v i z . whole b l o o d , d e f i o r i n a t e d b lood , serum, 

c i t r a t ed , oxa l a t ed and hepa . r in ized plasma, -nt t he beg inn ing of t h e e x ­

periments serum was a r b i t r a r i l y chosen as b e i n g convenient and easy t o 

handle. One p o s s i b l e d i s a d v a n t a g e i n t h e use of serum i s t h a t i t r e q u i r e s 

about an hour fo r adequa te c l o t r e t r a c t i o n , c e n t r i f u p w t i o n and s e p a r a t i o n 

before tne e x t r a c t i o n p r o c e s s can b e - I n . The q u e s t i o n arose as t o t he 

p o s s i b i l i t y of e n z y n a t i c h y d r o l y s i s of l e c i t h i n dur ing t h i s per iod so 

the use of pno le b l o o d , o x a l a t e d and h e p a r i n i z e d Piasaa. eras explored s i n c e 

these forms permi t prompt i n i t i a t i o n of t h e e x t r a c t i o n p rocedure . But 

ce r t a in t h e o r e t i c r l and p r a c t i c a l d i s a d v a n t a g e s ^ r i s t f r r the^e media 

a l so , i/e no ted t h a t whole b lood forms a c o a r s e , m.remv curd in a l coho l and 

Boyd (1936) showed t h a t l i p i d e x t r a c t i o n of - h o l e blood was d i f f i c u l t ; 

hepar in , be ing a t i s s u e e x t r a c t , may cor t a i n l e c i t h i n a s e a l though we found 

tha t i t d id no t a f f e c t t he growth r a t e of Neurospora per se ; o x a l a t e , 

being a p r e c i p i t n t of c a l c i u m , mi^ht remove t h i s neces sa ry t r a c e element 

from s o l u t i o n in t h e a s s a y f l a sirs. 

However some compara t ive assays were c a r r i e d out t h e tne fo l lowing 

r e s u l t s : (Values r e p r e s e n t ' f r e e ' c h o l i n e , micrograms per n i 1 m i t r e of 

serum). 

Number Time Whole Blood Serum Oxa] . Plasma Hepar in ized 
of H e l a t i o n ( e x t r a c t e d ( e x t r a c t e d ( e x t r a c t e d Plasm? 'de l l s 

Assay t o meal p t once) a f t e r 1 hr ) a t once) ( a t opce)(56 win) 

XLVII f a s t i n g 1.0 2 .5 
LIV p o s t - p r a n d i a l 15 .2 *> .5 17.0 17.6 
LIZ " " 16.5 2.6 

X I I I " " 43 .0 30 .0 
XIII " fT 256.0 216.0 (total choline) 
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The smaller values with oxalated ^ h i ^ a m-y- be due t o a toxic effect 

on the t e s t org-nisms, or t o removal of ionized calcium, but i t i s more 

lively that there i s another exp aa.n-tion since the same effect i s noted 

in chemical methods. Schmidt (1935) found phospholipid content of oxal­

ated plasma t o be 13% loeear than tha t of heparinized plasma and Boyd (1235) 

reported lower values in ox-plated plasma than in def ibr inated blood, a 

discrepancy a t t r i b u t e d t o shrinkage of the erythrocytes by the oxalate 

pith reap] tant d i l u t i o n of the pdpsaia. Others have su^rested tha t oxalates 

conbine with some of the Phospholipids UlacLean an--1. iviacL,-an, 1?S7). Similar 

objections ex i s t for the use of c i t r a t e ^ince Kirk, Page and Van Slyke 

(1934) found values for ^hosphol i f iaa 13/*? higher in heparin!-ed than in 

citr'-ted Plasma. 

The ery throcyte chol ine i s seen t o be small in amount corny-red to the 

'free cho l ine ' of plasma, ( v i z . 2 . 6 : 1 6 . 5 ) , Luecko and Pearson ( 1 ^ 5 ) 

found tne propor t ions t o b - s r r i l a r — 5.0:36.0 -v,A Hu.it Uml5) noted 

tliet tne add i t ion of a lO}o voiuum of red c e l l s to a sample of serum did 

not a l t e r tne choline contor t appreciably . Rubin (1939) concluded eryth­

rocyte phospholipids were i n e r t in r e l a t i o n t o fa t t ranspor t when he found 

no change in e i t h e r pa tho log i ca l .Hyperlipemia or alimentary lipemia. 

P s r r l t t i h ^ i .eparinized plasma, to remain at ic^-box temperature for an 

hour before beginning the e x t r a c t i o n re ^u.1 ted in no s igni f icant increase 

in the ' f r e e ' chol ine content and in Aesay LT/I no appreciable change 

occurred in the ' f r e e ' chol ine content of serum up t o 3 hours af ter vene­

puncture. 

These f ind ings disposed of th-3 cMof oblect ion to tne us 

-hich was employed almost exclusively in subsequent d e t - o i - t i e p s . 

of s.erur 

http://Hu.it
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2 vrhy^ia,10N CF 3Ai\L. AXl'iuti'l! Fvhl Hiti! ^STDflATlChl OF TOTAL CilOLLhlj: 

ffyflrolvsis of P h o s p h o l i p i d s « In vie'-v of t h e f a c t t h a t 95$ or more of 

the t o t a l chol ine of serum e x i s t s i n t h e phospho l ip id molecu les i t i s 

necessary t o break down thmso compounds by h y d r o l y s i s i n o rde r t o f r e e 

choline in a form t h a t Cc.n be a s s a y e d . In cons ider ; f l o n of a t echn ique 

for s p l i t t i n g off t h e c h o l i n e m.oeity of serum l e c i t h i n s and sphingomyel ins , 

the problem i s t o e f f e c t comple te h y d r o l y s i s wi thou t d e s t r o y i n g any of t h e 

freed choline and w i t h o u t l e a v i n g any s u b s t a n c e in t he f i n a l e x t r a c t which 

interferes wi th t h e assay of c h u i i n e by .Neurospora. 

A# AolD iiYL-dOLlfSlS 

Sulphuric Acid — Luecke end Pearson (l9d4-) used an uns t a t ed volume of 3% 

sulphuric acid and au toc lave . i et 15 poun.ds p r e s s u r e for 2 h o u r s . When an 

enquiry r ega rd ing t h e amount of r:cid. used f a i l e d t o b r i n g f o r t h a r e p l y , a 

series of exper iments was undertp>}-on t o de te rmine the optimum cond i t ions fo r 

acid h y d r o l y s i s . A f t e r a number of o r i e n t i n g asseeme, a l a rge assay was s e t 

up t e s t i n g 36 d i f f e r e n t combina t ions of ac id c o n c e n t r a t i o n , acid v~ lume and 

duration of a u t o c l a v i n a . I n a l l , 79 combina t ions of. c o n d i t i o n s were t e s t e d 

and i t was found t h a t t n e l a r es t y i e l d r e s u l t e d from the use of 3 volumes 

of Vh su lphur i c ecid a u t o c l a v e d a t 15 l b s . fo r 75 m i n u t e s , excess su lphu r i c 

acid i s removed as bar ium s u l p h a t e by adding s a f u r s t e a aqueous barium hydr­

oxide u n t i l n e u t r a l t o Congo r e d . U s says XI A a ° ^ u *" b * r ^ • T h e 

r e su l t s of A.^say XI H t o d e t e r m i n e t h e optimum c o n d i t i o n s of ac id hydroly­

s i s are t a b u l a t e d : 
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duration in m: tut 
autoclaving nt i^ 

Volumes of 

3% ih2.o04 

per volume 

cf serum 

3S of 
_—._ — » 

1 

2 

3 

4 

i _ 
6 

30 

ly .5 

13.1 

14.9 

11.1 

13.0 

12.1 

1 

45 

14.2 

14.0 

14,0 

14.3 

13.2 

14.0 

60 

14.0 

15.0 

14.3 

14.0 

15.0 

14.0 

75 

1,.4 

15.3 

16.0 

l ' - . l 

14.6 

*'- p 

90 

13.7 

13.4 

In-.? 

14.7 

14.7 

120 

14.5 

14.4 

15.7 

13.0 

14.0 

Id,. 6 1 

("Values in -

a -s i ca te weight 

of dried 

mycelium a f te r 

3 days 

Nitric Acid — Sucet and Kadane (19^±6) refluxed tne phospheli^id-containing 

material with 3C$> n i t r i c acid and. n-.-utrcliaed by the addit ion of po /dered 

c a 1 c i urn c arb onat e . 

hydrochloric Acid hydro lys i s followed by n e u t r a l i z a t i o n with g l a c i a l acet ic 

acid as proposed by U-lick (l94h) wa.o attempted but the resul t ing extract i s 

toxic for Neurospora and no growth r e s u l t e d . 

Gaseous nydro-een Chlor ide ir. Absolute ivhwUxanpl — Thannhauser, -benotti and 

Heinstein (1339) found tha t t h i s method, produced complete hydrolys is , even 

of sphingomyelins, and \^^. the advantage tha t the reaeent could be driven 

off af ter tne period of hydro lys is obviating "he necess i ty of neu t ra l i za t ion 

and consequent contamination of the ex t rac t with s a l t s . 

* • ^LL^JLI ,EhJhoi_YSIS 

Sodiogp M8 thy l a t e ) 

) 

^nrjnpp .hydroxide in ea to r -a l echo l ) 

Tested by Thannhauser, Benot t i and 
Keins te in (1939) with poor r e s u l t s . 

Sodium Hydroxide — Found by Williams et al (1938) to yield incomplete re-

cov"Pies. 

garium Hydroxide hydro lys i s of dried matiia.no?. ex t r ac t using saturated 

aqueous barium hvdroxide at bo i l ing temperature for 2 hours followed by 

http://matiia.no
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n e u t r a l i z a t i o n t o p h e n o l p h t h a l i e n by a c e t i c a c i d . U n g e l , 1942) , Th is 

technique was found more s a t i s f a c t o r y t h a n s i m i l a r t r e a t m e n t c a r r i e d out 

at 80°0. as proposed by J a c o b i , Baumann and Meek, 1941 . 

Saturated Aqueous Barium Hydroxide — Kepor t s i n t h e l i t ? r a t u r e as reviewed 

by Bull (1936) l ed -v i l l i ams e t a l (1938) t o c r i t i c a l l y eva lua t e the e f f e c t ­

iveness of barium hydrox ide h y d r o l y s i s of p h o s p h o l i p i d s . The t echn ique 

they evolved was t o add 1 m l . of s a t u r a t e d berium hydroxide t o about 25 

volumes of an e l c c n o l i c e x t r a c t of serum phospho l ip ids and ca r ry evapor ­

ation t o d ryness on a steam b a t h . Hydroch lo r i c ac id v/as then used t o a c i d i f y 

the r e s i d u e . Th is method was l a t e r modif ied by us ing 5 ml . of s a t u r a t e d 

barium hydroxide and more prolonged h e a t i n p . I t wss found t o give y i e l d s 

comparable t o t h e gaseous hydrogen c h l o r i d e method of Thannhauser. 

\£r ickson e t a l , 1 9 4 0 ) . 

Entenman, Taurog and Chaikoff (1944) used 15 volioin.es of s a t u r a t e d 

aqueous barium hydrox ide t o 5 m l . of m e t h a n o l : e t h e r s o l u t i o n of phospho­

l i p i d s and hea ted on a s te -m b a t h fo r 2 hour^ . The mix ture T-m>m then a c i d ­

i f i ed w i t h h y d r o c h l o r i c a c i d . They found t n a t barium hydroxide h y d r o l y s i s 

by t h i s t echn ique had no d e s t r u c t i v e e f f e c t on added cho l ine c h l o r i d e . 

C. LiiiTĴ -.iINii!!'!GLM" CF O ÎUdUiVl CO.CITICdPd FOR LYDRCLY3IS OF SilftUM IKOS.eHOLIPID o 

From the foregoing survey it a pears tnat the most remising agents 

for hydrolysis appear to be -aseous hydrogen chloride in methanol, barium 

hydroxide or sulphuric acid, iSrickson et al (1940) compared tne first two 

methods and found no essential difference in effectiveness. Having deter­

mined optimum conditions for acid, hydrolysis (Page 97) it was decided to 

make a comparison with alkali hydrolysis. Initial experiments indicated 

that hydrolysis of whole serum with 5volum.es of saturated aqueous barium 

http://volioin.es
http://5volum.es
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hydroxide in a steam bath for 2 hours yielded higher v- lues than, sulphuric 

acid hydrolys is : 

ASSAY LII 

•average 
Mycelial 
f i e l d s , 

ling.) 

From these r e s u l t s , which w-~-re corroborated in Assays L / I I I and LIX, 

bariipp hydroxide appeared to be superior t o sulphuric acid as a hydroly-

t i c agent . The e f fec t of using varying amounts of barium hydroxide was 

then explored in assays LXIII and LOTH: 

Hydrolysis at Steam-bath Temperature for 120 Minutes 

^erum Specimen 

Sulphuric acid 
- p h - l p - s i s 
Barium beard ox. 
hydro lys i s 

1 

37.8 

38.1 

2 

34.3 

36.6 

3 

34.2 

O t / . Ci 

4 

34.8 

36.2 

5 

30.9 

32.8 

6 

34. 6 

37.2 
-

Hydro l y t i c Agent 

Volume s/Volume of Serum 

Average m y c e l i a l Yield (mg.) 

3CA- H ^S0 4 

3 

23 .3 

Sat u r a t ed j«a( OH) „ 

3 

21 .7 

5 

S3.6 

10 

2 2 . 1 

The use of 5 volumes of s a t u r a t e d barium hydroxide in con junc t ion 

with v--ryiug d e c r e e s of h e a t i n g wane t hen t e s t e d : 

5 volumes of barium, hydroxide ( s a t u r a t e d ) p lus 1 volume of serum 

Method of a p p l y i n g Heat 

Dura t ion (minutes) 

Av. M y c e l i a l Yie ld (mg.) 

Steam b a t h (90-95°u . ) 

30 

2 2 . 1 

60 

22.6 

Autoclave 15 l b s . (120°rd .) 

30 

Ci%j . 8 

60 

29.3 

I t w^s apparent t h a t more prolonged he^tin°* mi edit inc" a o?p the 

degree of hydrolv^is so Assay -LXPTI vpam cprried out with +he following 

r e s u l t s : 
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Hvdro l " s i s .at 120*^. ( i t l b s . p r e s s u r e ) . Serum ff94. 

riydroivtic agent 

Duration of h e a t i n g (mina . ) 

AV. Myce l i a l i l e l d (mg.) 

3 v o l s . 3% l i S O , 
2 4 

60 

2 5 . 4 

5 v o l s , s a t u r a t e d Ba(OH) 

60 

2 9 . 3 

90 

34 .0 

120 

31 .2 

130 

28 .7 

i n view of t h e c o n s i d e r a b l e d i f f e r e n c e s between the c a l c u l a t e d v a l u e s 

for t o t a l c h o l i n e r e s u l t i n g from v a r y i n g c o n d i t i o n s of h y d r o l y s i s i t was 

de s i r ab l e t o de t e rmine as c l o s e l y as p o s s i b l e t h e optimum c o n d i t i o n s . 

Therefore t e s t s were made a t 15 minut-a p e r i o d s w i t h i n the most promis ing 

ran^e of hea t exposures 

Assay .LXXII — H y d r o l y s i s "rm.th 5 v o l s , s a t ' d 3al0fcL)2. Serum pool #101 

d u r a t i o n i n mine , of 
autoclamina a t 15 l b s . 

AV. Myce l i a l i i e l d (mg.) 

60 

35 .7 

75 

36 .5 

90 

3"-. 7 

105 

7s -' . 9 

120 150 

33 .8 

Dr . rt.G-. S i n c l a i r (personal conmuuicat ion) found somewhat more 

complete h y d r o l y s i s from the use of barium hydroxide s o l u t i o n s a t u r a t e d a t 

b o i i i n p t empe ra tu r e r a t h e r tn»n a t room t e m p e r a t u r e . This was t e s t e d 

in only two s e r a i n one of which tho b o i l i n p s a t u r a t e d s o l u t i o n wes 

e q u a l l y e f f e c t i v e as t n e cold s a t u r a t e d whi le in t he o the r i t was l e s s 

e f f e c t i v e . Tne bo i l ina - s a t u r a t e d s o l u t i o n i s l e - convenient t o handle 

end r e q u i r e * lar-'-o q u a n t i t i e s of ac id f^r i t s n e u t r a l i z a t i o n so t h a t 

t h i s m o d i f i c a t i o n would r e q u i r e c l e a r - c u t evidence of s u p e r i o r i t y t o 

war ran t i t s u s e . 

The i m p r o ^ i o n ga ined from s t u d i e s on the h y d r o l y s i s of c h o l i n e -

c o n t a i n i n g P h o s p h o l i p i d s i s t . a t a p p a r e n t l y sons of -he phospho l ip ids 

a re r e a d i l y hyomolyzable snd s t e e r s can only be s p l i t with d i f f i c u l t y . 

Tne sph ingomyel ins a r e s a i - t o be more d i f f i c u l t t o hydrolyne than t n e 
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l ec i th ins . In Assay iCVIil i t was found t h a t in 6 days at room temperature 

about half the phosphol ip ids of a sample of serum underwent spontaneous 

hydrolysis. Longer s torage did not r e s u l t in mere complete hydro lys i s , 

however• 

During experiments on the use of acetone to i s o l a t e tne ' f r e e 1 choline 

fraction of serum i t was obs mved tha t the phospholipid f rac t ion which was 

acetone insoluble and not ex t r ac t ab l e with petroleum e ther (about 15/& of 

the t o t a l cho l ine -con ta ln ing phospholipids in t h i s case) was also r ead i ly 

bro en down during s t o r a g e , with l i b e r a t i o n of about 65% of the contained 

choline in th ree days . A fu r the r oO'/o of the chol ine-contalning phospho­

l ipids were acetone inso lub le but petroleum ether soluble and t h i s f rac t ion 

hydrolyzed dar ing 3 di-ys stcraam onJ.y t o the extent of 25#. (The remain­

ing 25'/« of phosphol ipids were ace tone-so lub le . ) 

These observat ions serve t o ind ica te the heterogeneous character of 

the phospholipids and the inconstancy of t he i r physical proper t ies and 

s o l u b i l i t i e s , at l e a s t w^an encountered in mixtures . Further discussion 

of t h i s point i s found in the sect ion on the preparat ion of ext rac ts for 

assay of ' f r e e 1 c h o l i n e . 
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•Q TECHNIQUE FOR IntLlAi^AlIUhl OF LXTxtACTS FOR Tiffi DJilTS..a,Ii,Al:IQiT OF THa TOTAL 

pHGLlJflB CQKTiilMT OF SIMM 

In accordance w i t h t h e f o r e g o i n g f i n d i n g s , t n e fo l lowing c o n d i t i o n s 

were adoptee fo r h y d r o l y s i s of t h e c h o l i n e - c o n t a i n i n g p h o s p h o l i p i d s of 

serum and f o r t h e p r e p a r a t i o n of an e x t r a c t s u i t a b l e fo r Neurospora 

b ioassay: 

5.0 m l . of s a t u r a t e d aqueous barium iiydroxide s o l u t i o n i s added t o 

exac t ly 1.0 m l . of serum in a 50 m l . c e n t r i f u g e t ube which i s capped wi th 

an inver ted beaker and. au toc l aved a t 15 l b s . p r e s s u r e fo r 75 m i n u t e s . 

On removal from t h e a u t o c l a v e , about 20 m l . of d i s t i l l e d wate r i s 

added t o t h e m i x t u r e i n t h e tube and the c o n t e n t s a r e n e u t r a l i z e d t o 

Congo red paper by t h e a d d i t i o n of 3% s u l p h u r i c a c i d , (about 2 m l . i s 

r e q u i r e d ) . D i s t i l l e d wa te r i s t hen added u n t i l t h e tube i s n e a r l y f i l l e d . 

(The use of a gene rous amount of d i l u e n t i n t h i s way reduces the amount 

of cho l ine which r ema ins in t h e i n t e r s t i c e s of t h e barium s u l p h a t e p r e c ­

i p i t a t e and o b v i a t e s t he need f o r washine t h e p r e c i p i t a t e . ) 

Af ter c e n t r i f u g i n g , t he c l e a r s u p e r n a t a n t i s decanted i n t o a 100 ml . 

vo lumet r ic f l a s k and made up t o volume. The a d d i t i o n of 1.0 ml . of t h i s 

e x t r a c t per a s say f l a s k y i e l d s m y c e l i a l we igh t s w i t h i n the a p p l i c a b l e 

r a n g e . 

In s p i t e of t h e unavoidab ly l a r p e d i l u t i o n f a c t o r (1:100) which 

magni f ies t e c h n i c a l e r r o r s i n i n v e r s e d e g r e e , i t has been noted t h a t 

remarkably good agreement i s ob ta ined between v a l u e s of m u l t i p l e d e t e r ­

m i n a t i o n s on t h e same sample of serum. In 18 a s s a y s of t o t a l c h o l i n e in 

d u p l i c a t e or t r i p l i c a t e , t h e i n d i v i d u a l v a l u e s dev i a t ed from the mean by 

an average of 1 . 3 ^ , P o o r e s t agreement occurred i n Assay L^VIII where 

t r i p l i c a t e v a l u e s on Serum £96 were 2 8 5 . 0 , 305 .0 and 295.0 wi th an average 
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of 295.0 micrograms per m i l l i l i t r e . Assay of a fourth aliquot to which 

65 micrograms of choline was added gave a value of 365.0. (Calculated 360.0 

The completeness of recovery of added choline chloride suggests that 

no choline is destroyed by the process of hydrolysis, but i t does not 

prove th i s point, since i t could be interpreted as indicating the poss­

ibi l i ty that the addit ion of choline chloride to the mixture permitted more 

thorough hydrolysis of phospholipids. Therefore choline chloride solution 

pas subjected to the physical conditions of the hydrolysis procedure and 

no loss occurred. (Assay XLVII)# In addition i t pas shown that a 'blank* 

extract prepared in t h i s manner did not stimulate or depress the growth 

rate of Neurospora. (Assay LJOQI). 

Final ly, i t i s seen in Figure XI (Page 105) that tne dose response 

curve of s e r i a l d i lu t ions of t o t a l choline extract para l le ls quite closely 

the curve of mycelial weights resul t ing from the use of corresponding 

dilutions of choline chloride. This const i tutes a fa i r ly r ield t e s t of 

sui tabi l i ty of an extract for Neurospora bioassay since the presence of 

interfering substances vneuld give r i se to 'dr i f t* of the curve away from 

that Plotted from d i lu t ions of the pure vit-min. 
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SERIAL DILUTIONS OF 
SERUM EXTRACT 

SERIAL DILUTIONS OF 
STANDARD SOLUTION 
OF CHOLINE CHLORIDE 

1 1 I 

1.25 2.5 5.0 
X CHOLINE PER 

7.5 
FLASK 

15.0 
(A SERIES) 

0.25 0.5 1.0 1.5 5.0 
CCS. EXTRACT (3 SERIES) 

FltrURE XI 
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hFiQRTS TO PL^x^-h, *rt STRAIT FOR T--hi ASSAY- OF FR.m, OrnhLlRF IN SSRUlvI 

Separation of the small ' f r e e 1 choline f r a c t i o n of blood from the 

choline-r ich phosphol ip ids , r a p i d l y enough and gent ly enough t o avoid 

contamination with choline from inadver tent hydrolys is of the - moho-

l i p i d s , proved t o be a d i f f i c u l t and discouraging problem. This 
m " 

difficulty was first recognized by Hunt (1915) who used ether washing of 

the dried residue of en acetone extract in an effort to remove the phos­

pholipids, although he admitted he had no idem-- of the completeness of the 

removal. 

There are no we 11-substantiated claims in the literature for a 

technique to effect clean separation of the 'free* choline of blood. 

Most of the published values are vitiated by failure to consider the 

large trror introduced by incomplete removal of phospholipids and some 

authors have seriously questionned whether 'free' choline exists as such 

or whether choline found in that form has, in fact, been split off from 

phospholipids during or preceding extraction. 

The efforts described in the folio .in- sections to prepare a 'free1 

choline extract did not m et with unqualified success but sxe included 

in this presentation for a number of reasons: First, because discrep­

ancies in certain published methods were noted; secondly, a brief 

discussion of negative results obtained during various unsuccessful 

•caches to the problem may be indicated to aid in avoiding or modify­

ing thcs^ approac in future; finally there is Included the description 

of a promising technique which was explored and tested but has not yet 

been sufficiently tried to fully establish its value. 


