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CHAPTER 1 

GEi7ERAL INTRODPCTI OJ; 

For many years, phospholi)id has been considered 

as perhaps one of the most obscure fields in biochemistry. 

Indeed, al though the histor:y of the study of phosphorus 

associated with lipid dates back to at least the 1880's 

(1, 2), subsequent investigations in this area have been 

characterised by the alreost co~plete inability to penetrate 

the enigma surroundine the biological synthesis of the 

metabolic function of ~hospholipid. 

During the last two decades, "ri th the development 

of refined methods for tl-:e separation and isolation of these 

compounds, as well as the introduction of isotope tracer 

techniques, tr.e elue ida ti on of the :mechanisms conc erned \{i th 

the for~ation of phospholipids has proeressed rapidly. In a 

large part due to the efforts of Kennedy ( 3, 4, 5) and 

Rossi ter ( 6), several pa thvmys of phospholipid metabolism 

occurring in liver and brain have been elucidated . ~oreover, 

wi th the advance in our knmvledge of the bioc:temistry and 

physiology of living or ganisms, phospholipids appear to be 

involved in a ~ultiplicity of functions of the greatest im­

portance. It has beco~e obvions tha t they are associated with 

other cell cons t i tuents i n a wide variety of manne rs. The 

point has nm·.' been reached i•.:rhere the full sir,nificanc e of the 

role of phospholipid in bi olocy is becominr: more and more 

apparent. 



2. 

PHOSPHOLIPIDS AJ:D BRAIH HF.TABOLISl-f. 

1. OCCURRETJCE AED DISTRIBUTION OF PHOSPEOLIPIDS 

The brain is a rich source of phospholipids and 

together with the spinal cord probably possesses the highest 

phospholipid content of all the organs. There is approx­

irnately twice as much phospholipid in brain as in liver and 

kidney and about three times as rouch as in heart muscle (7). 

Sorne of the earliest evidence for the occurrence of phospho­

lipids in the brain vras demonstrated by Thudichum (1, 2). 

During the course of an extensive investigation on the . 

chemical constituents of brain, this worker isolated lecithin, 

the "cephalin fraction" and sphingomyelin. In 1942, Folch 

and \voolley ( 8) shm.Yed that the classically termed 11 cephalin 

fraction" was a mixture of phosphatidyl ethanolamine, 

phospha tidyl serine, as '\olell as an inosi tol-containing 

compound for which they proposed the name diphosphoinositide. 

Although chemical investigations are still in 

progress, many details of the structure of the diacyl 

glycerophosphatides and of sphingorr.yelin have been \'lell 

established (9). In addition to the three r,lycerophosphatides 

mentioned above, there are others in brain which contain 

fatty aldehydes in place of cne or perhaps both fatty acids 

(10, 11). These have been termed plasmaloeen and Ra~port 

• 
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et al. (12) a~d Debuch (13) have shmm that the aldehydogenic 

groups in these cor:npounds are attached by a vinyl ether 

bond to the q -po si ti or.. of the r;lycerol moiety. 

Several inositol-containing phospholipids seem to 

exist in brain. Folch (14) isolated and partially 

characterised a diphosphoinosi tide \vhich on hydrolysis 

yielded fatty acid, glycerol and inositol metadiphosphate. 

Hawthorne and Chargaff (15) reported the presence of inositol 

monophosphate in hydrolysates of brain lipids. Horhammer 

~ ~· (16) succeeded in separating by cauntercurrent 

dis tri but ion, the lipids of ox brain into t":o inosi tol-

containing fractions. The first of these fractions, when 

chromatographed on paper, exhibited the same behaviour as 

liver monophosphoinositide. The second inositol-containing 

fraction was identified as the same brain diphosphoinositide 

previously isolatcd by Folch (14). Hokin and Hokin (17), 

while studyine the effect of acetylcholine on the incorporation 

of inositol-2-H3 into the phosphoinositides of guJnea-pig 

brain cortex slices, found tha t tLe radioactive phospho­

inositide isolated by chromatography, after incubation ill 

vitro, Has a rnono phosphoinositide. Dittmer and Dawson (18) 

have reported recently that brain tissue also contains 

triphosphoinositides which are tightly attached to brain 

prote in. 

Almost half the dry matter ,of the brain consists 
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of lipid. Rossiter (19) and Lebaron et al. (9) collected 

data from previous investigations on the lipid content of 

mammalian brain, and showed that phospholipids vlere the 

major cornponent of cerebral lipids, 1..rith \·Thite matter being 

richer in phospholipid than the grey matter. Leci thin \<Tas 

shawn to be the most important phospholipid of grey matter 

and the different brain cortex regions did not differ 

significantly in phospholipid content (20, 21). On the 

ether band, sphingomyelin was the chief.phospholipid component 

of white matter which is rich in myelinated fibres. Johnson 

et ~· (22, 23) observed that the lipids in the peripheral 

nerves of several animals and man resemble that contained in 

t he \vhite matter of brain rather than that in the grey matter, 

in that they are richer in cholesterol, cerebrosides and 

sphingo~yelin. Johnson~ al. (24) subsequently reported 

that the se tbree lipids distinguish the \vhi te matter of the 

adul t brain from th at of the brain of the nevr born infant 

where myelination i s inco~plete. The c once:1 trati on of the se 

lipids is also f ound to à.ecrease in peripheral nerves during 

\>fallerian de~enerati on ( 25). Folch-Pi ( 26) shmv-ed tha t 

durine; developmen t of the nervous system the cane entra ti on 

of the various phos}Jholipi d s increases \d th age until adult­

hood. Lecithin and phosphatidyl serine increase gradually 

in the arder to be expected from t he gradual increment with 

age in the percen t age of t otal solids in nervous ti s sue. 



However sphinromyelin, YJlasmalogen and probably phosphatidyl 

ethanolamine increase at a much higher rate than expected. 

Therefore it has been suggested that these three phospho­

lipids and possibly inositol phosphatide (27) are among the 

principal components of the myelin sheath. 

The intracellular localisation of brain phospho­

lipids has also been determined (28). When rat brain 

homogenate is submitted to centrifueal fractionation in 

isotonie sucrose, phospholipids are found in each of the 

subcellular fractions. Lecithin, cephalin and sphingomyelin 

constitute the major lipids of the nuclear, mitochondrial 

and microsomal fractions, whereas their concentration is 

considerably lower in the supernatant fluid. Quantitatively, 

lecithin is the most prominent phospholipid in each of the 

cell fractions. 

2. ROLE AND FtmCTION OF PHOSPHOLIPIDS IlJ BRAIN 

The demonstration tnat phospholipids are widespread 

in brain has aroused considerable speculation on the possible 

role and metabolic fUnction of these substances in brain 

metabolism. It has long been thought that phospholipids 

are essentially structural components of the cell. However, 

contrary to older ideas of their metabolic inertness, there 

is at present a general inclination to the view that ether 
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possible functions of the phospholipids may exist. This has 

led Wi ttcoff ( 7) to postula te that "the concept of a 

structural fu.nction of the phospholipid is acceptable only 

when it is understood that a phospholipid molecule which 

has a structural function at one moment may have a metabolic 

function the next." 

a) Phospholipids and oxidative metabolism 

The enzymes catalysing the oxidation of the 

tricarboxylic acid cycle intermediatcs as well as those 

responsible for oxidative phosphorylation are knO\m to be 

located in the intracellular rnitochondrial particles which 

are particularly rich in phos~holipids (20). Braganca and 

Quastel (29) shm·rcd that \·Then small quantities of venom 

lecithinase are added to a brain homoeenate, a number of 

mitochondrial enzymes (e.g. pyruvic oxidase, succinic 

oxidase, cytochrome oxidase) are inhibited, whereas the 

enzymes responsible for glycolysis in brain or for fermentation 

in yeast are not affected. Subsequently Petrushka et a_1. 

(30, 31) observed that \·rhen rat brain cortex slices, but not 

rat kidney or li ver slices, are incubated "ri th heated snake 

venom, an initial rise ir.. the rate of oxyeen uptake results, 

follm·red by a sharp decline if the action of phospholipase A 

is proloneed. This result implies that brain cell membranes 

contain ~hospholipid groups that may be attacked by phospho­

lipase A and that the metaboli~ activities associated with 
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the membranes are thus affected. Essentially identical 

re sul ts are obtained wi th mi tochoi~dria of brain, li ver and 

kidney where decreases in the P/0 ratio are also observed 

(31). It \·Jas therefore concluded by the au thors that the 

destruction of phospl"'.olipid groups in the mitochondrial 

structure by phos pholipase A results in a complete rupture 

of the mi tochondria, releasing protein and demonstrating a 

concomitant fall in the rate of oxidative phosphorylation. 

Other reports (32, 33, 34) that lipids, including in large 

part phospholipids, are associated with the electTon 

transport system, substantiate this hypothesis and make it 

very probable that phospholipids are not only essential as 

structural elements of the cell but are also important far 

the maintenance of normal oxidative rnetabolism (35). 

b) Phosnholipids and functional activity 

Although glucose has always been considered to be 

the m(dn source of energy t o sa ti sfy the brain requiremen ts 

during both res ting and activi ty conditions ( 20), the 

evidence obtained by Geieer and his col l eagues -vri th brain 

perfusion experiments suggest that phospholipid may play an 

irr.portant role in maintaieing fnncti onal activi ty in brain. 

Geiger et al. (36) have shown that in brain, a 

nurnber of physiological functions including respiration can 

be maintained for over one hour in the complete absence of 

glucose during perfusion expe rim ents. The electrical 
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activity, oxygen consumption and endogenous carbohydrate 

stores are only slightly below those obtained when glucose 

is present in the perfusing fluid. In subsequent findings, 

Abood and Geiger (34) reported that during glucose-free 

perfusion of cat cerebral cortex, there is an appreciable 

loss of phospholipid s, whereas no cha r;ge oc curs in the 

presence of glucose. Geiger et al. (38) also observed that 

when the brain cortex of narcotized cats is stirnuJated by 

means of the brachial plexus, a decrease in the concentration 

of lipid nitroeen occurs which is proportional to the 

magnitude of the stimulation. These results led Geiger to 

postulate that the breakdown of phospholipids is occurring 

in order to provide endogenous material for oxidative and 

glycolytic metabolism in the absence of exogenous substrates, 

and that lipid rnetabolism is involved in the process of 

activity evoked by stimulation (39, 40). 

c) Pho spholipid s and ion transport 

There are a number of observations which suggest 

that phospholipids may play sorne role in ion transport in 

cerebral tissues. Large amounts of sodium and potassium 

are found associated with the lecithin, cephalin and 

sulphatides isolated from brain (41, 42). I~oreover the 

cations ra•, K+, Ca .. + and 1-1g"'"' compete wi th each other and 

can be reversibly displaced from combination with phospho­

lipids (43). This property of phospholipiàs to form 
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lipoid-soluble corr.plexes 't.,.ith cations has prompted the 

suggestion that they may be involved as cation carriers at 

the nerve cell membrane (44, 45, 46). 

Hokin and Hokin in a series of experirnents on the 

effect of -cholinerr;ic drugs on the rate of turnover of 

phospholipids in vitro have shawn that acetylcholine 

stimulates the turnover of phospholipids, in particular 

phosphoinositide and phosphatidic acid, in slices of guinea 

pig cerebral cortex (44, 17). A similar phenomenon was 

observed in slices of adrenal medula (48) and in slices of 

various glandular tissues on stimulation of secretion (49, 

50). It was suggested that in glandular tissues the 

increment in the exchange of phosphate in phosphatidic acid 

and in inositol and phosphate in phosphoinositide is 

associa ted wi th sec re tory ac ti vi ty and \vi th the transport 

of the secretory products out of the cell. In subsequent 

experiments with the avian salt gland, Hokin and Bakin (51) 

round that acetylcholine, which is the normal secretogogue 

of this tissue, stirr.ulates the incorporation of p32 into 

phosphatidic acid and phosphoinositide. Since the effect 

observed occurs in the microsomal fraction where diglyceride 

kinase and phosphatidic acid phosphatase are present in high 

concentration, a hy~othetical phosphatid ic acid cycle was 

suggested by the authors in which phosphatidic acid acts as 

a carrier for the active transport of soàium ions out of the 

salt-secreting cell (51). 



Hokin and Hokin (52), working \>Ti th slices of 

sympathetic ganglia, nerves and various parts of the cat 

10. 

and guinea pig brain, recently showed that acetylcholine 

stirnulates the incorporation of p32 into pbosphatidic acid 

and pho sphoino si t ide in tho se a reas of the brain which 

contain cholinergie synapse~. It had been previously 

postulated by these authors, in view of the similarity of 

the effect observed in adrenal medula and different exocrine 

and endocrine glands, that the phospholipid effect in brain 

is concerned with the secretion of organic molecules by 

acetylcholine (53) and thus with the transport of these 

molecules (54). However, no evidence has yet been given 

for such secretion in those areas of the brain where the 

phospholipid effect is observed, although this hypothesis 

is not precluded (52). On the other h;;nd, acetylcholine, 

which is the synaptic transmitter in sympathetic ganglia, 

has been shawn to cause depolarization of the post-synaptic 

membrane by an increase of membrane perrneability to sodium 

and potassium ions (55). The process consists of an inward 

movernent of sodium across the merr:brane with an outward move­

ment of potassium during repolarization, and restoration of 

the ori~inal membrane impermeability to sodium. This is 

folloved by the active extrusion of sodiwn from the cell and 

by an inward movement of potassium. In view of this property 

of acetylcholine and by analory with the salt gland results, 
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Hokin and Hokin (52) have suggested that the phospholipid 

effect in brain is concerned with the active transport of 

sodium ions m.:t of the cell across the post;..synaptic membrane 

of cholinergie neurons durine the recovery process. 

3. BIOSYrTEESIS OF PHOSPlWLIPIDS ITT BRAIN 

In recent years, considerable progress has been 

made in workine out the network of enzyrnatic reactions 

leading to the biosynthesis of phospholipids from simple 

precursors. Largely as a result of the work of Kennedy 

(4), a rather corr.plete picture of the metabolic pathways 

whereby phospholipiàs are formed has been developed and is 

shawn in Figure 1. These reactions were worked out for 

the most part using liver enzymes. However, Rossiter and 

his colleagues ( 6) have ob taine d. evidence tha t the biosynthesis 

of phospholipids in brain tissue follows the same pattern. 

a) Glycerophosnhatides 

Formation of phosphatidic acid. Early experiments 

with brain mitochonèria (56) and brain homoeenates (56, 57) 

incubated with inorganic p32, suegested that phosphatidic 

acid is an intermediate in the synthesis of glycerophosphatides. 

Thus a large percentage of the radioactivity was recovered 

from a fraction identified as phosphatid ic acid. ~1cl!urray 

et al. (56) als o reported th at the incorporation of p32 
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L-'<-phosphatidic acid ----~ CDP-diglyceride 

CTP pP 

(II) CoA 

(III) 
Glycolysis L-"<-elyc crophosphate 

(
ADP 

(IV) 
ATP 

Glycerol 

Fatty acyl CoA 

(
AW .,. PP 

(I) 
ATP + CoA 

Fatty acid 

Figure 1. BIOSYl:TTŒSIS OF PHOSPHOLIPIDS 
( After Kennedy (3) and Rossiter and Strickland (6) ) 

Figures in parentheses refcr to reactions in text 
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labelled a'-elycerophosr)ha te (1?1' -GP) into the phospholipids 

of a brain preparation occurs mainly into phosphatidic acid. 

The addition of coenzyme A stimulates this i ncorporation 

whereas conditions which prevent the production of ATP 

inhibit the labelling of the phosphatid ic acid. The se 

findings prompted the sueeestion that phosphatidic acid 

is synthesized in brain frorr.q-glycerophosphate and 

coenzyme A thiol esters of fatty acid as previously 

described in liver by Kornberg and Pricer (58, 59). 

Fa tt y ac id + ATP + CoA ~ acyl-CoA + ANP + P-P ( I) 

L-0{ -GP + 2 fatty acyl-CoA ---1 L-q..phosphatidic acid + 2CoA (II) 

Additional evidence for reaction II has been 

provided by Jedeikin and Weinhouse (60) who f ound that 

palmitate-l-cl4 is incorporated into the phospholipids of 

both slices and homogenates of rat brain. The homogenate 

system requires the addition of CoA for optimal activity. 

A second path,vay for the bios ynthesis of phospha-

tidic acid appears to be opera tive i n brain. Hokin and 

Hokin (61) have reported that phosphatidic aci d can also be 

formed frorr:q ,e -dielyceride and ATP, presumably by the 

action of a di glycerid e kinase . These authors f ound that 

the i ncorporation of p32 from ATP32 into phosphatidic acid 

of brain microsomes is highly dependen t upon the presence of 

~, ~ -dir; lyceride, a phenor:enon v e ry s i rr.ii ar to t he one pre­

viously observed by Strickland (62). 
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The observation thatq' -glycerophosphate is a 

precursor of phosphatidic acid bas caused speculation on its 

pa th,·ray of forma ti on in brain. It is well establisl1ed that 

~glycerophosphate can arise from dihydroxyacetone phosphate 

formed in glycolysis (reaction III). The enzyme glycero-

phosphate dehydro genase, vii':ich catalyses the reduction of 

dihydroxyacetone phosphate to cf-elycerophosphate is present 

in brain tissue (63, 64). On the other hand, Rublitz and 

Kennedy (65) have isolated from rat liver a glycerokinase 

which catalyses the transfer of phosphate from ATP to 

glycerol (66) with the formation of~-glycerophosphate 

(reaction IV). 

still unknown. 

Hhether this enzyme is present in brain is 

The only indication that t his reaction may 

be operative in brain arises from the findD1g that glycerol­

l-cl4 is incorporated into the phospholipios of rat brain 

slices (67, 68). 

Dephosphorylation of phosphatidic acid. Following 

the observation tha t the radioactivity of!r-GP32 is 

incorporated into phosphatidic acid but not into the glycero-

phosphatides (56), Rossiter and Strickland (69) have shown 

the existence of a phosphatidic acid phosphatase i n brain. 

This enzyme removes the phosphate rnoiety of phosphatidic acid 

to forrn q, 0 -diglycerioe a precursor of glycerophosphatid es ( 70): 

L- ~ - phospbatid ic ac id~ D-q',~-diglyceride • Pi (V) 



This enzyme is therefore responsible for the lack of labelling 

of glycerophosphatides from~-Qp32 by causing the liberation 

of radioactive Pi, a phenomenon not observed when c14 

labe1led q-~lycerophosphate is used (69). 

Formation of lecithin. In 1958, Berry et ~· (71) 

found that extracts of acetone-dried powders from brain and 

peripheral nerves contain an enzyme similo.r to the one 

described by Wittenberg and Kornberg (72), which is capable 

of cata1ysing the phosphorylation of choline from ATP: 

Choline .., ATP ----t ADP + phosphorylcholine (VI) 

This evidence that phosphorylcholine could be formed in brain 

led to the suggestion that leci thin is synthesised in brain 

via reaction VII and VIII as observed in liver tissue (70): 

Phosphorylcholine + CTP ~ CDP-choline ... P-P (VII) 

CDP-choline .,. q ,~-diglyceride ~1- ~ -leci thin .,. CMP (VIII) 

Thus !,lcNurray et al. (56) and Rossiter and Strickland (69) 

shovred that p32 or cl4 labelled phosphorylcholine is incor­

porated into~-lecithin and that the incorpora.tion is highly 

dependent upon the presence of CTP. Furthermore, p32 or 

cl4 labelled CDP-choline is also incorporated into the 

~-lecithin fraction of brain preparation and the incorporation 

is stimulated by the addition of ~,~-di~lyceride (69). It 

was therefore con cl uc1_ ed tta t the r)resence in brain of 
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phosphorylcholinc-citidyl and phosphorylcholine-r,lyceride 

transferases is responsible for the effect observed and that 

both reactions VII and VIII are operative in brain. 

Phosphatidyl ethanolar.:ine and phospha tiC:.yl serine. 

The patln·Jay for the biological synthesis of phosphatidyl 

ethanolamine appears to be analogous to that described for 

q-lecithin. Thus liver and brain contain en zymes which are 

responsible for the formation of phos~horyl ettanolamine 

(73, 74), CDP-ethanolrunine (70) and phosphatidyl ethanolamine 

(69, 70). On the other hand, virtually nothing is knO\vn 

at present concerning the synthesis of phosphatidyl serine, 

either in brain or in other tissues. l!o evidence has yet 

been presented for the occurrence of phosphatidyl serine 

intermediates similar to those described above forqf-lecithin 

and phosphatidyl ethanolar·.ine. It vJould therefore appear 

that a different sequence of reactions is involved in the 

synthesis of ~1osphatidyl serine. 

Plasmalogen. The enz.ymatic synthesis of plasmalogen 

involves very similar reactions to those of the conventional 

glyc eropho spha tià.es. Garn bal and Eon ty ( 75') have à en ons tra ted 

that a cell-free pre~ aration from rat brain can incorporate 

palmitate-l-cl4 into the aldehydor,enic moiety of the 

plasmaloeen; the system requires CoA, ATP, ~g••, q-glycero­

phosphate, CTP and ethanola.mine, all of -v.rhich are ·Hell knmm 

co-factors necessary for the synthesi s of phosphatidyl 
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ethanolamine. Evidence has also been obtained by Kiyasu 

et al. ( 76, 77) sugr;esti ng the presence in li v er of phosphoryl­

choline a.11d phosphorylethanolamine plasmalogenic glyceride 

transferases catalysing the follm..ring reacti ons: 

CDP-choline 
... 11Plasmaloeenic d iglyceride" 

CDP-ethnnolamine 

"Plasmalogenic phosphatidyl choline" 
• CP.P (IX) 

"Plasmaloeenic phosphatidyl ethanolamine" 

Thus, the se au thors sho~red tha t \{hen "plasmalogenic diglyceride" 

is incubated vli th rat liver particles and CDP-choline or 

CDP-ethanolamine, plasmalogen is formed (77). 

b) Inositol phosnholipid 

The failure to sho\.>r the phosphorylation of inosito l 

by tissue extracts in the presence of ATP (73), and the 

observation by Dawson (57) and others (56, 67, 79) that the 

incorporation of p32 into brain phosphoinositide Pnd phospha­

tidic acid is greater than t ha t jnto the other phospholipids, 

prompted the sueges t ion that i nositol phospho lipid is 

synthesized by a pa th\vay different from that postulated for 

the cle.ssical glycero~1hosphatiè. es. 

Studies by Ae ranoff et al. ( 80 ) indicated that 

phosphatiùyl inositol is form ed by the reaction of a 

diglyceriè.e derivative with fr ee inosit.ol. The incorporati on 

of tritium-labe lled inositol into the inositol phospholipid 
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of guinea pig kidney preparations is stimulated by the 

presence of cytidine nucleotides, particulnrly CDP-choline, 

as well as by the ac1ditior. of phos ]!hatidic acid but not by 

the addition of D-q',~-diglyceride. When tritium-labelled 

CEP was incuba ted in this c ell-free parti cula te prepara ti on, 

in the absence of inosi tol, a chloroforrr-methanol soluble 

radioactive product is formed which yielded CMP on alkaline 

hydrolysis. It vias thcrefor-e postulated that a lipid-

soluble cytidine nucleotide compound, pro ba bly CDP-dig lye er ide, 

is involved in this reaction and acts as an intermediate in 

the syr..thesis of inosi to 1 phospholipid ( 80). 

Paulus and Kennedy (81, 82, 83), in a series of 

experiments 1:1ith liver tissues, observed that there are tvro 

possible mcchanisms by wlüch inositol may be incorporated 

in to phospholipid molecule. The fir st is by an enzymatic 

exchanre reac ti on vlith inosi tol phospholipid pres er. t in the 

enzyme preparation. The reaction is stimulated by the 

presence of cytidir:.e nucleotides which Agranoff et al. 

mentioned earlicr (80). The second mechanisrn is by a true 

de ~ synthesis of inositol phospholipid stimulated by CTP. 

The authors showed that their system catalyses thf' conv ersion 

of â-glyc ero:9hosphate and phospha tiàic acid to phosphatidyl 

inositol in the l")resence of free inositol and CTP but not in 

the p r e sence of CDP-choline or other nucleotide triphosphates. 

\fuen q-glycerophos~1hate and CTP are i n cubated in the absence 
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of inosito1, an ether-soluble compound accumulates which 

appears to be identical with CDP-diclyceride. Finally, 

?aulus and Ke~~edy demonstrated the synthesis of inositol 

phospholipid from synthe tic CDP-diglyceride and inosi to 1. 

The following reactions were therefore proposed for the 

synthe sis of inosi to 1 phospholipid ( 83): 

Phosphatidic ac id • CTP ---7 CDP-dielyc eride • P-P (X) 

CDP-diglyceride.,. Inositol--)Inositol phospholipid • C'HP (XI) 

These reactions are analoeous to those proposed by Agranoff 

et ~· (80) except that Paulus and Keru1edy consider that 

CTP, rather than CDP-choline is involved in the formation 

of CDP-diglyceride. 

Eviùence has been obtained by Rossi ter and his 

colleagues (6) to suegest that a similar pathway is o:perative 

in brain. Fcl<iurray et &· (56) founcl tha t CTP stimula tes 

the incorporation of inorganic p32 into the i nositol 

phospholipid of brain g1ycolyzing homo~enate and phosphory-

latine mitochondria. Thomps on e t al. ( 84 ) shm.,red that CTP 

and CDP are more effective than Q1P and CDP-choline in 

stimula tinr, the incorpora ti on of tri tiun:-la belle cl inosi to 1 

in to the lipids of su ch systems a nd tha t phospha ti die a c i d 

increas es the incornoration i n the r, lycolyzin r: homor:enate. 

The cl4 label from the glycerol moiety of cl1r phosphatidic 

acid is also found t o be incorporated into bra i n i nosito1 



phospholipid and the incorporation is stirr.ulatcd by the 

addition of CTP (85). 
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Thus phosphatidic acid has been shovn to participate 

directly in the formation of inositol phospholipid ~orithout 

prior dephosphorylation by phosphatidic acid phos~hatase to 

diglyceride and inorganic phos~~~te. This observation helps 

to explain the similarity of behaviour of inositol phospholipid 

and phosphatidic acid in turnover studies (67). 

c) Sphingomyelin 

The isolation of phosphorylcholine and sphingosine 

phosphate as hydrolysis products of sphingomyelin has helped 

to establish that the choline œoiety is attached throueh a 

phosphate ester bond to one of the hydroxyl groups of 

sphingomyelin (86). The similarity of this phosphorylcholine 

moiety with the one found in lecithin prompted Sribney and 

Kennedy (87) to propose that sphingomyelin is synthesized 

enzymatically by an analogous reaction to that of lecithin. 

Sribney and Kennedy (87, 88) found that an enzyme, 

phosphorylcholine ceramide transferase, which is present in 

various tissues including brain homogenate, catalyses the 

formation of sphingomyelin by tra.ns ferring phos phorylcholine 

from CDP-choline to the hydroxyl group of a ceramide (N-acyl 

sphingosine) 

CDP-choline + ceramide ~ sphingomyelin • C}~P (XII) 
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This reaction is similar to the phosphorylcholine glyceride 

transferase ( see reaction VIII), exce!)t thn t ceramid e rather 

than q,Q-diglyceride is the accepter of the phosphorylcholine 

moiety, and that manganese ions instead of maenesiuœ ions 

are required for optimal activity of the enzyme. Rossiter 

et al. (89, 90) have also obtained evidence that cnp32-choline 

is incorporated into the spincornyelin fraction of rat brain 

homogenate; thus suggesting that the labelling occurs via 

the above mechanisrr.. 

Brady and his colleagues (91, 92) and Zabin (93) 

have shown that cell-free preparati ons from brain can catalyse 

the formation of sphingosine and ceramide the immediate 

precursors of sphingomyelin. According to Sribney, and 

Kennedy (88) the phosphorylcholine acceptor, ceramièe, in 

order to be active, must possess a sphingosine moiety that 

has the threo (!1-acyl threo sphinc;osine) and not the erythro 

configuration. 

As a result of the elucidation of the various 

phospholipid path\,rays mentioned above, t\vo striking points 

of ir: terest have arisen worth emphasising in t ha t they are 

common t o each pa tl1\·ray ( see Figure 1). It is a cn~ racteristic 

of all phospholipid syntl1eses to utilize CTP at one stage or 

another of the biosynthe sis. !,!oreover, ATP play s a central 

role in the formati on of the se compounds by controlling the 

r a t es of synthes is of t he different int er mediate s lead i ng to 
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phospholipid formation, either directly by means of the 

kinase reactions or indirectly by activation of fatty acids 

or regeneration of CTP. It is t herefore evident tr~t any 

factors in brain i·Tliich influence t he energy su~ply may affect 

phospholipid synthesis in a parallr:l rnanner. 

4. LABELLIJ:G OF PHOSPHOLI? ID PHOSPEORTTS 

Early worlcers, concerned wi th the elucidation of 

phospholipid rnetabolism in brain, made extensive use of 

radioactive isotopes. One of the most fruitful of these 

substances bas been radioactive phosphorus with which much 

of the behaviour of phospholipids in body tissues bas been 

determined. 

Incor oor a ti on of p32 in vivo. Hahn and Hevesy 

(94) observed that one hour after subcutaneous injection, 

p32 is f ound in the brains of adult rats, rnice and rabbits. 

However, despite the rapid ap pearance of the isotope, the 

maximum amount of p32 is not depos i ted in the brain phospho­

lipid until 200 to 300 hours after administration, and its 

loss from these corrpounds is found to be very slow (95, 96). 

When th i s incorpor ati on i n t he brain is compar ed wi th that 

found in other organs·, it r>roves t o be much lm.rer (97, 98). 

Hm·Iever, if the inorganic p32 is injected into the cerebro­

spinal fluid, the isotope up t a};:e i n th e brain is more r apid 
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(99, lOO) sur,r:estine therefore that the slm·: rate of 

incorporation of p32 in vivo is attributed to the properties 

of the blood-brain haiT ier vlhich con trols i ts rn. te of 

penetration (101). 

Incorporation of p32 in vitro. The in vitro 

incorporation of radioactive inor gan ic phospl:a te into the 

phospholipid s of brain \vas fir st observed by Chaikoff and 

his colleagues (102, 103). These vrorkers showed that slices 

of rat brain, respiring in a physiologi ca.l medium, incorpora te 

p32 into the phospholipids. Addition of hexoses such as 

glucose, galactose, ~~nose or fructose stimulatesthe 

incorporation as much as five-fold. linder anaerobie 

conditions, the incorporation of the isotope is negligible. 

Strickland (104) confirmed these observations and showed that 

the presence of pyruvate and lactate increases the incorporation 

of p32 whereas with glutamate, succinate and certain others 

tricarboxylic acid cycle intermediates this effect is not 

observed. Strickland also found tr.at a \·ride range of 

metabolic inhibitors, in concentrations that inhibit the 

oxygen uptai:;:e of brain slices, also inhibit the incorporation 

of p32. This author therefo:re suggested that the 

incorporation of p32 is "a mc tabolic phenomenon and i s 

dependent upon the maintenar"ce of an adequate phosphorylating 

mechani sm \vi thin the slic es" ( lo4). Schachner .tl, &· ( 103) 

and Strickland ( 104) observed tha t if the brain tissue is 

\ 
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homoeenized before incubation, the incorporation of p32 into 

phospholipid is reduced to very low levels. Hm-rever, if 

the homoeena tes are sni tably "reinforced" in arder to have 

normal respiratory activity, e ood labelling is obtaiœd 

( 105'' 106' 107). When tl1e various phospholipids of brain 

homoeenates are senarated by chromatography, the highest 

specifie ac ti vi ty is fow1d in the phosphatidic a cid and 

inosi tol phospholir"lid frac ti ons ( 5'7). Ho kin and Ho kin ( 67) 

and Hagee et al. ( 108) have also re par ted similar find ines 

with brain slices. 

ATP32 as a prereguisite in the 1abelline of the 

phospholipid phos~)horus. The labe1ling of ATP from 

inorganic p32 either by t, lycolytic or oxidative phosphory­

lation, appears to be tl1e first step in the 1abelling of 

the imrrediate precursors of phospholipids (3). As a result 

of the expe riments pe rforme d by 1-~cHurray et &· ( 5'6, 107) 

and by Berry and Md1urray ( 109), evidence has been obtained 

shO\ving tha t the la belline of the lipid phos phorus is 

close1y associated with ATP. The se vmrke r s o bserved t hat 

in brain prepara ti ons 'Hh ich demons tra te e 1 thcr glyco1ytic 

or oxidati ve phosphoryla tian, the we11 knovm metabolic 

inhibitors iodoacetate or 2-4 dinitrophenol decrease the 

incorporat ion of p32 into phosptolipids a nd i n a parallel 

manner the concentration and the labelling of ATP. Ho re-

over, ATP32 was shmvn to be , on a rel at ive basis, more 
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readily incorporated into the phospholipids than inorganic 

p32 (56). In vicvT of the well established requirement of 

AT? for the biological synthesis of phospholipid , it was 

therefore concl uded th at ATP play s a dual ro le in the 

labelling of the se con1pounds in providine; both the la bel led 

• phosphorus and the en er gy supply (56). 

FACTORS AFFECTi r G !-1ETABOLIC PROCESSES THE BRAii~ 

a) Effect of potassium ar.d calcium ions 

It is well knol...rn that brain cortex contains on the 

average 100 rneq. of potassium per kilograrn of tissue. 

Terner, Eggleston and Krebs (llO) found trot \Ihen slices of 

brain cortex are incubated in a normal saline rœ r1ium, under 

anaerobie conditions, there is a loss of potassium ions by 

diffusion into the medium and a gain of sodium ions. Und er 

aerobic candi tions, vlhen ~luc ose was provided as substrate 

and i n the Ilresence o f L-glutamate , this phenomenon could be 

reversed; after an initial loss, brain slic es accumula te 

potassium ions as '\vell as L-glu ta.ma te aeain st the concentra ti on 

gradient (llO, 111, 112). Takagaki et al. (113) co~firm ed 

the se observatio~s and rerorted tha t the ionie composition 

of the incubatio~ medium r,rcatly influences the uptake of 

both :potassium and e: l u trunate. Thus the content of potass i um 

i ons i n slic es decreases during incubation even in the 



26. 

presence of elucos e and 1-elutmnn. te v! hen the incuba ti on 

medium is potassiu~-free. Hm·Tever, the potas siurn content 

in the slices is very much increased and the addition of 

glutamate further accelera tes this accumul;i ti on vJhen the 

incubation is carried out in a high potassium :rr.ediurn. The 

presence of sooium ions in the medium is incli spensable for 

potassium and elutamate accumulation. In the absence of 

calcium ions, the "!"JOtassium conter.t of brain slices 

sliehtly decreases on incubation. 

Ashfardand Dixon (114) \·Jere the first to sha..r that 

the addition of a hieh concentration of potassium chloride 

(100 mM) to the ordinary incubation medium enhances the 

oxygen uptake of rabbi t brain cortex slic es. This effect 

was confirrr.ed by Dickens and Greville ( 115) who repor ted a 

50 - lOO% inc rease in the respiration of rat brain car tex 

slices incubated with either glucose, fructose, lactate or 

pyruvate and hic;h potassium concentration, whereas no 

increase is observed in the absence of substrate. Roth 

groups of investieators also noted an increase in the aerobic 

glycolysis and a decrease in the anaerobie r,lycolysis. The 

latter authors and subsequently Canzanelli et al. (116) 

observed that l011rerinr; the calcium concentration has the 

same effect as an increase in potassium, sue e;esting that 

calcium ions are nntagonist i c to the stimulatory effect of 

potassium ions. These workers a1so reported that the 
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stimulatory effect is not obtained if the potassium is 

increased at the expense of sodium in the medium. On the 

ether ha nd, Dixor: ( 117) observed tha t the po tas si um effect 

can be obtained in isotonie medium if a lower potassium 

concentration (40 ~) is used so that the sodium concentration 

can be kept relatively high. Lipsett and Crescitelli (118), 

in addition to confirming the increase in respiration, found 

that the stimulation of respiration is ~1hibited by the 

addition of glutama.te, succinate, citrate or~-ketoelutarate. 

These authors suggested that potassium may increase the 

oxygen consumption of brain slices by stimulating the 

phosphoenolpyruvate-adenosinediphosphate transphosphorylase 

reaction. 

Kimura and Niwa (119) showed that malonate, at a 

concentration which is slightly inhibitory to normal 

respiration in the presence of glucose, comp1ete1y inhibits 

the potassium stimulated respiration. Subsequent1y, Tsukada 

and Talmgaki (120) and Parmar and Quastel (121), while 

confirming this resul t, observed tha t the mal ona te inhibition 

of the potassium-stimulated respiration can be reversed by 

the addition of fumarate or oxalacetate. Thes:.- observations 

indicate that the presence of excess potassium ions in the 

medium activates the citric~id cycle of operations in 

brain respiration or some rate limiting step associated 

w1 th i t ( 3 5). 
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The phenomenon that the potassium-stimulated brain 

cortex respiration is of the same arder as that occurring in 

normal brain in vivo, prompted the sugGestion that a metabolic 

and physioloeical parallel exists het\-reen the stimulated 

tissue and the brain in vivo. 1-'·cilwain ( 122) and Ghosh --.-
and Quastel (123) foQ~d that narcotics and anaesthetics, 

at pharmacologically active concentrations, suppress the 

respiration of the stimulated tissue, whereas that of un­

stimulated tissue is not affected and presumably represents 

conditions more remote from thosc prevailing in livine intact 

brain. 

In addition to the phenomena mentioned above on 

respiration and glycolysis, several other rnetabolic processes 

are influenced by the change of potassium and calcium con-

centrotion in the medium. Quastel and his colleagues (124) 

reported that acetylcholine synthesis by brain sl5ces is 

increased about ten-fold by raising the potassium concentration 

of the medium from 4 rrU to 30 mu, ru1d that the addition of 

calcium ions prevents this increase. The effect of the 

potassium salt '\<las seen primari ly in brain cortex slic es 

and not in fincly minced tissue which could nevertheless 

synthesize acetylcholine (124). l·!cLennan and Elliott (125) 

observed that for mBximal synthesis of acetylcholine by 

brain slices, the presence of 1.3 ~ calcium is necessary 

and that higher or lov.rer concentrations inhibit the synthesis. 
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HcilloJain (126, 127) shov1ed that either the omission 

of calcium ions or the increase in the concentration of 

potassium ions, causes a decrease in the ability of the 

slices to maintain their level of phosphocreatine, as well 

as occasionally producing ru1 increase in inorganic phosphate. 

It has also been reported that under these conditions, the 

amount of ADP is higher (128) whereas the concentration of 

ATP is only slightly affected (129, 131). Findlay et al. --
(130) found that an increase of extracellular potassium or 

amrr.oDium ions or a decrease of calcium ions inhibits the 

incorporation of inorganic p32 into phosphorus containing 

co~pOtL~ds such as phospholipid, ribonucleic acid and phospho-

protein. Rossiter (131) subsequently re9orted that under 

the se conditions the incorpora ti on of p32 into ATP decreases 

to the saoe relative extent as the label1ine of the phospho­

lipid. Pritchard (132) a1so observed that the incorporation 

of cl4 labelled precursors, such as acetate, g1ycerol and 

choline, into rat brain phospho1i:dds i s decreased by the 

addition of a hieh concentration of potassium. It \-Tas 

therefore suggested that the lovTer specifie activity of the 

organic phosphorus compounds is possibly the result of the 

effect of potassium ions on the concentration of phospho-

crea tine ( 132). On the o ther hanc1, in contrast t.o the 

above observations , Tsukada e t QI. (133) found tha t the 

inc orpor a tion of p32 into phos phoproteins of guinea pig 
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brain slices is increased markedly upon addition of 0.1 M 

potassium. When thcsc experimer:t s are carried ol't in an 

isotonie medium \•Jhere most of the soà ium ion s are omitted, 

this increase in p32 incorporation is not observed. These 

authors conclucl ed that the auementation of rlucose metabolism 

in the presence of po tas si um is c losely coupled to the 

phosphorylation mecl:anisrr., espccially as reeards the turn-

over of phosphoprotein within the slices. Yoshida and 

Eukada (134) recently reported simi1ar results with phospho­

lipids shO\·rine that the r, reatest i ncrease in p32 incorporation 

caused by potassium occurs in the phosphatidic acid fraction. 

An increased concentration of potassium or omission 

of calciu~r. inhi bits r,lyco e;en synthe sis in brain cortex slic es 

( 13 5). Vrba et al. (136) studied the effect of potassium 

ions on arnmonia formation in brain slices using no substrate 

in the incubating media, and found that potassiun at higher 

concentration brines about a decrease in the level of arnmonia. 

Rybova (139) subsequently reported that in the presence of 

glucose as substrate, the action of potassium ions is of a 

different character; at moderately increased potassium 

conc entrations , t here is a decrease in ammonium accumulation, 

whereas the ammonia leve1 is raised on further increase in 

potassium concentrnti on. In a calcium-free me dium, the 

rel ease of amrr.onia i s great1y inc rea sed. 

Kini and Quastel (138 , 139 ) have found that the 
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addition of potassium or the omission of calcium in the 

medium brings about a large increase in the labelline of 

glutamine and y-aminobutyric acid from GlUCOSe W1iform1y 

labelled with carbon-14. The stimulation of cl4 incor-

poration may be caused by an acceleration of the citric acid 

cycle resulting in an increased turnover of~-ketoglutarate, 

a we11 knm·rr: precur sor of the se v.ro amino-acids ( 138). 

Kini and Quastel also observed that the l)resence of 105' mt 

potassiurr greatly increases the rate of oxidation in brain 

cortex of both pyruvate-l-cl4 and pyruvate-2-cl4 to carbon-14 

dioxj.de, the latter process being much more inhibited by the 

presence of malonate than the former. These resu1ts led 

to the conclusion "that the stimulating effect of addition 

of potassium ions on the respira ti on of brain c ortex i s 

largely directed to an acceleration of a pace-making step, 

the conversion of pyruvate to acetyl-coenzyme A" ( 138). 

A very close parallel exists between tbe metabolism 

of brain sl ic es in the presence of 0.1 1-~ potassium chloride 

and brain tissue stimulated by e1ectrical impulses. 

?·~ci1wain and his croup mve reported an increase in both 

oxygen consumption (140) and aerobic glyco1ysis (141) when 

electrical impulses are app1ied to isolated brain tissue. 

This effect is observed v.rhen c1ucose, lactate or pyruvate 

are present as substrate, but not with suc cinate or~-keto-

glutarate. Under these c ondition s, the phosphocreatine 
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lev el is decreased ( llt2), ATP concentration is not very much 

affectee] (129), the specifie radioactivity of phorpholipid 

(143), phos:)hocreatine and ATP (144) is decreased whereas 

that of the phosphoprotein phosphorus (145) is increased. 

The electrical stimulation is highly sensitive to malor~te 

(146) and narcotics (122) and also causes an increase in the 

rate of acetylcholine synthesis in brain slices (147). 

The effects produced by cations and electrical 

impulses on cerebral tissue metabolism have their parallel 

in some muscular tissues but not in non-excitable tissues 

su ch as li ver, kidney or spleen ( 20). As a resul t of the 

evidence obtained that cationic or electrical stimulation 

does not occur in brain homogenate or minced tissue (20, 

148), it has been suggested that this effect is linked with 

the structural in teeri ty of the cell membranes. Changes in 

cation concentration or application of electrical impulses 

would cause ionie displacements at the nerve cell membrane 

resultin~ in depolarization and metabolic alterations (20, 35). 

b) Effect of acetylcholine 

Since the demonstration by Quastel ~ &· (149) 

that acetylcholine synthesis occurs in brain cortex slices 

under physioloeical conditions, rrruch has been \<!ritten abrut 

the function of this snbstance in brain. It is well known 

that acetylcholine acts as a central synaptic transmitter (150) 

and that it may pcrhm~s be involved in conduction of the 
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nerve impulses alan~ the axon (151). In addition, Hokin 

ru1d Hokin have observed a very strikinr, effect of acetyl­

choline on phospholipid metabolism which may further 

elucidate the biochemical role of this amine in brain. 

These au thors, i>Thilst investip,ating the effect 

of cholinergie drugs on the secretion of amylase in 

respiring pancreas slices in vitro, found that the stimu­

lation of amylase secretion by acetylcholine is accompanied 

by a larp;e increase in the sp ecific ac ti vi ty of the phospho-

lipid ( 152). Subsequent]. y, an analogous pho spholipid 

effect vJas observed Hi th slices of guinea pig cerebral 

cortex (47). Thus acetylcholine in presence of eserine 

stimulates the incorporation of p32 into the phospholipids 

of brain cortex slices but has no effect on the oxygen 

uptake or the sp ecific activi ti es of the ac id-soluble 

phosphate ester fractio~s (152). These results indicate 

that the effect on phospholipids is not secondary to a 

eeneral increase in the rate of ~hosphorylation. It was 

also reported by these workers that the level of phospholipid 

in the stimulo.ted tissue does not increase and that the in­

corporation of t;lyc erol-l-cl4 in to the pho spholipid is 

slightly inhibit ed in the presence of acetylcholine, although 

the usual stimulatory effect on p32 incorporation occurs (47). 

As a result of these observations, Hokin and Hokin concluded 

that the :;hospholiiJid effect in brain cortex slic es represents 
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an increased turnover of phosphate in :phospholipids rather 

ttan a de .!22..Y.2. synthe sis (47). 

The stimulation of p32 inc0rporation by acetyl­

choline Rppears mainly in the -pho sphati die ac id arrl phospho­

inosi tide anô. to a lesser e::-:tent in the phosphatidyl choline 

fractions vrhen tLe different phospholipids of brain slic es 

are seiJarated by chromator~ raphy (67). Although a phospho-

lipid effect is also observed in ho~or,enates and various 

cytoplasmic particulatc fractions of Guinea pig brain under 

con di tio~: s of o:dda ti ve phos;Jhorylé.:. ti or., in contrast wi th 

brain cortex slices, the stimula ti on by acetylcholine in the 

cell-free system occurs exclusively ih phosphatidic acid 

(153). Moreover, in brain microsornal preparations, the 

labelli.'1g of phos~)hatidic ac id from q'-Gp32 is not stimula ted 

in response to ncetylcholi.:ie, whercas the incorporation of 

ATP.32 into phosphatidic acid, presumably by the action of a 

diglyceride kinnse, is inc reased by acetylcholine (54). 

In subsequent findings, Hokin and Hokin o bserved 

that tl~e phospholipid effect occurs on1y in the nervous 

structures of tbe hrain \.rhich con tain cr'olinergic synapses. 

In vien·r of the vrell knovm prop crty of acetylcholine to cause 

depolariz a ti on of the post- syna:;-Jtic membrane at cholinergie 

synapses, it hns been suggested that the phospholipid 

stimulation is conc erned \<lÏ th the transport of inorganic 

ions (52) (see p.lO). Hm·:ever, the rn echanisrn of the 
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acetylcholine phenoiTenon in brain is not yet clearly elucidated. 

T!·,us the stimulation of phosphate turnover in phOS;Jhoinositide 

and phosphatidyl choline bas been shovm to occur only in 

preparatio~s such as tissue slices ~:ere the cell membrane 

is intact. On the otller hand, the L: crement of phospha-

tidic a cid labelli r. e in cell-free systems ir:dicates that 

this turnover is not regulated by changes in the concentra-

ti ons c f i on s on the i n tracellular siô. e of the membrane. 

Ho kin and Eokin have the re f ore ex:œess ed the opinion th at 

at 1east in the case of phosphatidic a cid, the stimulation 

of turnover mi ['ht be brou ght a 1JOut by a direct effect of 

acetylcholine, wl .ich by a c orrrnon mechanism could cause 

depolarization and increase the turnover of phosphatidic 

acid (52). 

c) Effect of rnornhine 

One of the characteristic properties of narcotic s 

is to àepress cerebral activity by inhibitinp the formation 

of hieh energy phos~hate bonds thereby affecting a variety 

of rnetabolic processes c ontrolled by the presence and rate 

of productior. of ATP (35, 154). Paradoxically, although 

morphine is classified as a narcotic and that its classical 

effect 1Q vivo is to reduce the respiratory rate (155), the 

mode of action of this alkaloid on rnetabolic functions in -
vitro appears to be different from that of barbitur a tes and 

othe r z r oups of narcotics (154). 
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In 1932, Quastel and Wheatley (156) studied the 

effect of morphine a::d other drues upon oxidative processes 

in nervous tissues, in an a ttemp t to d ete:rrr.ine the me chani sm 

of narcosis. The se \YOrkers found tha t the i~·:creased oxygen 

consumption of guinea pie· brain mince in the pre sen ce of 

lactate, pyruvate, and glutamate is inhihited by morphine 

whereas no change occurs if succinate is used as a substrate. 

Seevers and Shideman (157, 158) in an extensive investigation, 

refJorted tho.t morphine has no significant effect on the 

endoc:enous oyygen uptal:e of cortex sl ic es, mince or homogena te 

or rat brain. The oxidation of citrate, succinate, fumarate 

and malate is unaffected by morphine, \!hile the results 

obtained vary when glucose or qLketoe;l1~tarate are used as 

substrate. Elliott et al. (159) shov:ed that morphine at a 

concentration of 10 mM fai1s to depress the oxycen uptake of 

rat brain cortex slic es respiring in elucose whereas 

meperidine strongly inhibits the elucose oxidation. These 

authors concluded that morphine does not affect the mechanisms 

of oioloe ical oxida ti on in a man ner si rr.ilar to other narcotic s 

( 159). Brady (160) also found thnt morphine does not un-

couple oxidation from phosphorylation. 

Achar and Geiline (161) have reported that morphine 

inhibits the upta~ce of cl4 into the brain of rats follm·Ting 

an intravenous i r: ject ion of g1ucose-c14. This inhi bi tory 

effect is partin11y antagonj_zed by na1orphine, and the 
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results are interpreteà as evidence that morphine àepresses 

the uptak8 of clue ose i.n to the brain. Ace ordingly, 

Siminoff and Saunders (162) studied the effect of morphine, 

in doses sufficient to depress respiration (20mg/Kg), upon 

the elucose concentration in the brain of rabbits in~ 

and the gluco se uptake by brain slices in vitro. There 

are no sip;nificant differences in the res~tl ts obtained with 

normal and morphinized animals. w'hen morphine is injected 

into animals prior to i ncubation of their brain slices, the 

stimulation of glucose u ptake,oxygen consumption or oxidation 

of r,lucose-cl4 by the addition of a hirh potassium concentra-

tion is no t affected. The latter ob:servation is analogous 

to the one repor ted by Franklin (163) for potassium 

stimulated brain cortex slices incubated with 3 m~ morphine. 

Siminoff and Saunders concluded that "the depressent effect 

of morr1hine i n vivo cannat be exp laine d on the basis of an 

inhibition of the rneta.bolism of glucose unless specifie areas 

of the brain respond differen tl y from the brain as a whole" 

(112). 

Bell (164) investigated t he effect of morphine 

on oxygen consumption and l actic acid formation in normal 

and electrically-stimul&ted rat cerebral cortex slices. In 

con trast to the re sul ts obtained vii th po tas si um stimula ted 

tissue, this worker found that the increas ed rne t abolism 

associated vTith electrical stimulati on is practically 
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a bolished by co·~c e:1 tra ti o:1 s of :morphi!:e \·!Li ch h:'l ve no effec t 

upon the unstimulated tissue. 

In view of the almost complete ir.ability of 

morphine to influence oxidati ve pro cesses in hrain, the 

observation thn.t mor!1hirce affects cholinesterase and acetyl­

choline has aro~sed particuln.r interest in order to elucidate 

the mode of action of this substa.::.ce in vitro. Bernheim 

and Bernheim ( 16 5) found that morphine inhi bits tl1e 

hydrolysis of acetylcholine hy brain cholinesterases pre-

pared from rats, guinea pigs and cats. Eadie (166) confirmed 

this findine: and sur:eested that the inhibj_tor competeswith 

the substrate for cl-~olinesterase instead of destroyine the 

the activity of the enzyme. Slaughter and his co-worl:ers 

( 167) reported th.a t mor!)hine behaves like a c1:ol1nergic drug 

in its action on ttc stomach and that its effects are enhanced 

by prostigmine. Eserine was also four;d to potentiate tl:e 

effect of morphine on the i~:testine of the dog and blood 

pressure in cat (168) while atroiJine antae:onizes the analgesie 

action of mor!Jhine (169). As a result of the work of Quastel 

and Tennenbaum (170), evidence has been obtained sho-vring that 

morphine cmrpetes vri th acetylcholine for receptor grOU'fl s in 

leech muscle preparations, the action being reversible and 

competitive. Lewis (171) has also observed that morphine 

prever..ts the action of acetylcholine wt ich caus es contraction 

of the guinea-pie ileuœ. Quastel has e~1ressed the opinion 
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tha t morphine may act i n the brain as a corrrpeti tor to 

acetylcholine for sorne receptor sites whose combination 

with acetyld:oline is necessary for normal functirn of the 

neurones ( 154). 
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THE PT_TRPOSE OF THIS INVESTIGATION 

The use of p32 has contributed a great deal to the 

elucidation of the various pathways by which phospholipids 

are formed. It is nm-r well established that the incorpora­

tion of p32 is closely linked to the rnechanism of oxidative 

phospharyJ.ation and evidence has been obtained suggesting 

that p32, after being transported into the cell as inorganic 

phosphate, appears to be incorporated into ATP prier to its 

entry into the phosphorus moiety of the phospholipids. 

The labelling of phospholipids from inorganic p32 

made i t possible to follm·r the behaviour of the se compounds 

und er normal .!Q vitro conditions as well as the ir response 

to various external factors which alter the overall metabolism 

of the cell. These contributions supplied so~e valuable 

insight on the possible role and function of phospholipids 

in the cell metabolism. 

The experiments to be described in this thesis were 

directed tm1ards a study of the effects of various agents on 

the la bel ling of phospholipid s from inorganic p32. Investi­

gations have been carried out to ascertain the stimulatory 

effect of ca ti ons, acetylcholine and morphine on the incorpora­

tion of p32 into the phospholipids of rat brain cortex slices 

as vrell as the factors which eovern this stimulr:. tion. The se 

investieations were carried out not only to determine the 

mechanism of action of these substances but also as a first 

ap,1roach to elucida te fur th er the role and function of 

phospholi~ids in brain. 



CHAPTE.R II 

V.ATSRIALS A!!D MBTEODS 

Anirnals. Hooded adult male rats were used in 

all the ex~eriments to be described. The animals were 

bred in this Institute a~d weighed from 150e. to 180g. 

1'1ornhine treati!lent. Rats undergoine morphine 

treatrnent ·Here adrninistered morphine sulphate by intra­

peri toneal injection tvTice daily for fifteen days. On 
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the firs t day of trea tm en t hro do ses of morphine, 20mg. per 

Ke. body \Hüght, were injected with an ir.terval of ten hours 

betv1een injections. The amount of morrlhine administered 

in each dose \vas prncressively ir..creased to a maximum of 

250mg. per Kg. body weight on the last day of the treatment. 

Fo'.lr or t\-lenty-four hours after the last injection, the 

animals were kilJed by decapitation and the brains Here 

removed. 

Cherricals. All comrnon cher.icals were of "Reagent" 

crade puri ty and used ,....,1 thout further purification. The 

followine drugs, morphine sulphate, nalorphine hydrobromide, 

a tropir:e sulpha te, ac etylchnline chloride, eserir.e s·:lpha te 

and tofranil \vere mRnufactured and supplie('! by various 

phar~aceutical cornpar.ies. Y-aminobutyric acid, and 

tubocurarine chloride were obtained from the Nutritional 

Biochemicals Corporation, Cleveland. p32 specified as 



Sodiurr Radio;)hosphate solution in hydrochloric acid vras 

supplied by Charles E. Frosst and Company, ~'on treal. 
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I~orit activated charcoal ·Has obtained from Fisher 

Scientific Ltd. It v.Jas found to be irnpt..tre and to inter-

fere in the colorimetrie determination of phosphate. 

P'œification vtas achieved by boiling the charcoal for 30 

minutes in HCl, sus-;Jending i t in pyridine for two ho 1.lTS and 

washing i t \.ri th a: HCl. :'pon drying, blanks performed on 

the charcoal did ~;ot produce any coloration. 

Purifie a ti or. of P32. The c omrr:erc ial solution of 

p32 appeared to be contarninated by a slight amount of radio-

·activity ether than orthophosphate. Originally when the 

radioactive p32 solution Has used after boiling for one 

h01~r with N HCl to decompose any pyrophosphate present, the 

specifie activity of both the phospholipids and the nucleotide 

phosphates vras sometirr.es much greater than the calculated 

specifie activity of the medium. Purification of the p32 

solution \·Tas therefore carried out by the following 

procedure, assayed and suef.ested by Dr. R.~.l\ • .Johnstone of 

this I!i.sti tu te. 

After boilinr for one hour in a g1ass container 

wi th r; HCl, the p32 solution Has cooled and neutralized wi th 

a feH drops of an:monium hynroxide. 10 rmoles of Ya2HP04, 

1 ml. of magnesia mixt11re, 1 ml. of ammonium hydroxide \vere 

added and the final voL;rne made up to 10 ml. wi th di stilled 
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water. The rnixt~re was then left to precipitate at 5°C 

overnight. On the following day, the residue was separated 

by cen trifuginr, \mshed three times wi th 5 ml. of 1:10 

sol:.t tio!1 of ammonium hydroxide and v!a ter, and finally sus­

pended in 4 ml. of distilled water. The suspension was 

then neutralized by adding O.lN HCl dro~ by drop and with 

continuous stirring after each addition. When the 

solution was about neutral, it was centri~1ged at 2000g 

for 15 minutes. A srnall sediment was left which was 

subsequently àiscarded. The main precaution was not to 

let the pH drop below 7 while dissolvine the precipitate 

with O.l1I ECl. After this treatment, the s:1pernatant was 

tra:·:sferred to a clean test t11be and diluted to gi ve the 

desired radioactivity. Thus 2 - 3 ml. of the original p32 

solution cnntaining 1 mc. per ml. were processed. 

Pre~aration of solutions. All solutions were 

prepared at appropriate concentrations in distilled water. 

Stock soluti ons of substrates and inhihitors were prepared 

at ten times the desired concentration, ad.justed to pH 7.4 

and stored at 5oc for no longer than fifteen days. 

Sol'ltions of e: lucose a~1d acetylcholine \o.'ere freshly made 

before each experiment. In sorne cases, attemnts to 

neutralize cor. centrated solutions of drues such as morphine, 

tofranil and others with sodium hydroxide caused precipi-

t a tion. However, these drugs could be obtai ned in solution 
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at pH 6.0 - 6.8 at concentrations of 20rn~< to 100mB. Wh en 

added to buffered incubation media, no precipitation of the 

drur,s \·ms observed and the pH remained constant. 

Prenaration of Rat Brain Cortex Slices. Rats 

were killed by decapitatio~. The brair..s were quickly 

removed a~d chilled in a beaker containi~g ice cold saline. 

Slices of rat brain cortex were eut from the surface of the 

cerebral hemispheres with a chilled Stadie-Riges tissue 

slicer and placed in a petri dish standine in crushed ice. 

Usually one dorsal and one lateral slice from two different 

brains were pooled and 'lsed in each vessel. These two 

slic es weighed together a'-:proxima tely 50 - 70 mg. Consid­

erable caution had to be taken in pre~arinr brain slices, 

since the maximum respiratory respor.se to the addition of 

excess potassium chlorièe was critically dependent on the 

tissue thickness. Slices that were too thin disintegrated 

during the course of an experiment, while wi th thick slic es 

little or no 9otassium effect was observed. Slic es of two 

brains at a ti'Yle were th,ls processed and quic~:ly transferred 

to Warburg vessels containing ice cold incubation media. 

The in terval bet\•leen sacrifie ing the animal s and cornmencing 

an i~cubation was a~proxirnately 40 minutes. The dry weight 1 

wet weir,ht ratio was established by drying corresponding 

arr:o"cmts of tissue at 110oc for 4 hours. 



Inc~bntion Methods. The basic saline medium used 

for the incubation was "moclified" Krebs medium III (172, 1'2) 

containir..r 135'nù·1 raCl; ?.lmH KCl; 2.9m'H CaCl2; 1.3mM 

KH 2Po4; 1.3m}l FgS04; 3.9rrJ.1 1:aHC03 saturated vTith carbon 

dioxièe; and 3nt·' sodL1m phosphate buffer, pH 7.4. In 

experirnen ts vrhere lOm.~ tris (hyèroxymethyl) aminomethane 

buffer pH 7.4 vras used i nstead of the sodium phosphate buffer, 

the standard I:rebs-Ringer medium (173) vTas ernployed. To 

each vessel \>JaS added 20}lc. of radioactive phosphate (p32). 

The final volume in the vessels was 3 ml. and all the con­

centrations in the text refer to final molarity in the medium. 

The high potassium medium was made by tipring the 

KCl solution from the side arm after the equilibrium period 

at 37oc and without correction of the osmotic pressure. 

Hhen a sodium-free medium was employed, sodium ions were 

replaced by choline to maintain the isotonicity of the 

medium. To obtain a calci' lm-free medium, CaCl2 was omitted 

from the basic saline medium. Eserine sulphate was always 

added with acetylcholine and these solutions were also tipped 

from the side arrn after thermal equilibrium. 

were always done in dnplicate. 

F.:xperiments 

Rat brain cortex slices were placed in the main 

corr:partrr:ents of chilled. ':.Jarburg vessels containing the above 

i ncubation media, and studies of their respiratory activi ties 

rr.easured in the cœ1ventional Warbure apraratus at 37°C. 
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A small roll of filter paper was placed in the center well 

of each vessel together with 0.2 ml. of 20 per ce~t potassium 

hydroxide solution. The vessels were then attached to 

the rnanometers, gassed for 5 minutes wi th P'lre oxygen, and 

iJTl..mersed in the bath. Ten minutes were allowed for 

thermal equilibration and then the side arm contents were 

added to the main c0rnpartment. After an additional 5 · 

minutes, manometric measurements of the oxygen uptake were 

started and carried on at 10 rniœ1te intervals dnrine the 

incybation period as indicated 1~ the text. The results 

were expressed as microlitres of oxygen consumed per mg. 

dry weight of tissue at 37oc. 

Incorporation of p32 into rat brain cortex phosnholinids. 

Extraction of phospholipids. The procedure 

described below was based on the method of Hokin and Hokin 

( 174). At the end of the incubation period, the vessels 

were removed from the manometers and placed in crushed 

ice. 5 ml. of 10 per cent trichloroacetic acid (TCA) 

were added impediately to the vessels and the whole content 

transferred to c entrif1lge tubes. The tissues were washed 

with 2 ml. of TCA and homof.enized in 5 ml. of cold 10 per 

cent TCA. After separatinp the insoluble fraction by 

centrifur.inr, the residues were resuspended in cold 10 

p~r cent TCA and again centrifuged; this step was repeated 

once more. The residue was re sus ner:.cl ed in 2 ml. of 95 per 
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cent ethanol. The ethanolic suspension was mixed with 2 ml. 

of chloroforrn, the tubes tightly stoppered and stored over-

ni~ht at 5°e. Cn the fol lm-Tine day, 5 ml. of cold O.lN 

Hel were added to the tubes, the mixture emulsified by 

virorously shakine fnr 2 minutes and centrifuged at 2000g 

for 10 minutes. After centrifugation a dise of insoluble 

protein separated the heavy chloroform layer, whi~h con­

tair:.ed the phospholipids, fr~1m the top lighter l <: yer which 

c,.~_-: sisted of tr.e Hel plus the ethanol of the original 

extraction mixture. Aliquots of the chloroform extract 

were removed for determination of total counts per minute 

and estimr. tion cf the total phos~Jholipid phosphor~ts. 

f.stim .:ition of total nhos-nholinid phosphorus. 

The total phospholiydd phosphorus \vas estimated by digesting 

a 1 ml. sample of the chloroform extract with 1 ml. of 

1m: H2so4 in an oven at 140°e overnigh t. On the following 

day the solution '.:ns cooled and 1 - 2 drops of 30 per cent 

hydroeen peroxid e added. The solution .... :as returned to 

the oven for at least 3 hours to complete the combustion 

and to decompose all the ryeroxide. 1 ml. of H20 was then 

adè ed ar:d a 0.1 ml. ali quo t of this solution vras !.',ssayed 

for phns·1hnrus by the methoc'l of Bartlett (177) (see page49) 

\·li tho': t further ad di ti or- of H2S04. 

Assax of radioactivity. Aliquots (tlsually 200pl) 

of the chloroform extract were ) lated on aluminium dises 
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and the radioac ti vi ty 'vas counted ".ri th a "Trctcerla b" gas 

flow countsr of 20 per cent efficiency. 

!·1e..-,surerr.en t of rucleotide Phosphr~ te Levels 

The technique used in these ex0eriments was 

devised by Dr. D. R. Ellis (175) of this Institute, by corn­

bining the charcoal method of Crane and Lipmanh(l76) for 

the separation of nucleotides from inorganic phosphate with 

the ~ethod of Bartlett (177) for the determination of 

phos~hor1.;.s. 

Extraction of the TCA sol-..~ ble fraction. At the 

end of the incubation, the vessels were quickly chilled in 

ice, the slices removed with forceps, de~osited in 8 ml. of 

ice cold salt solution, centrifuged, and the supernatant 

discarded. The slices were resuspended in 8 ml. of ice 

cold salt soluti 'Jr~ , anà aeain separated by centrifnging. 

The supernatant vras carefully removed and the insides of 

the tube dried U!) wi th paper t ::. ssues. The slices \oTere 

hornogeGized in 5 ml. of cold 5 ~er cent TCA a~d the 

hor.!or,en.n te vias th en allm·red to star.d for 30 rnin,.l tes i~ the 

cold to ccmpletely e:xtract the acid soluble phospPa,tè esters. 

All opervtion s wer e p0rforœed r apidly at 2°C. 

Se;aration of the nucleotides _fro; inorganic 

phosphé:t te. After centrifueation of the homogenate sus-



ne~:sior~, the TCA supernatant was decanted into a centrifuge 

tube containing a:9proxirnately 250 mf. of p~trified charcoal 

and :mixed by stirring Hith a glass rod. To reduce the 

arnount of chnrcoal which flo~ted, 0.3 ml. of 95 per cent 

ethanol was layered onto the solution. The charcoal was 

sedimented by ce r!trifUgation, the supernatant decanted, and 

the charcoal residue ,,ra shed tvrice \vi th 5 ml. of distilled 

wnter. After the second washing, the tubes were drained 

by inversi .::•n and the insides dried "Ti th paper tissues. To 

recover the labile phosnhorus of the nucleotide fraction 

(7-r.:in1~te l~ydrolyzable nucleotide vhosphate), the charcoal 

residue was sus~)ended in 4 ml. n HCl and the susper:sion 

placed in a boiling water bath for 4 minutes. Aftor cooling, 

the suspensi r n Has ce~tri~~eed and a 2 ml. aliquot assayed 

for phosphr-. te. 

Estimation of nhosnhate. Inorganic ortho­

phOS!)hate "ras detery ined by the rnethod of Bartlett (177). 

The 2 ml. aliqï.Wt of the frac ti or: de seri hed a bove was made 

up to 3.4 P1l. with distilled -...rater a.:.d 1 ml. of 5 r s-ulphuric 

acid, 0.4 rel. of ?.5 ~er cent arr~onium molybdate, and 0.2 ml. 

of the Fiske-SubbaRow reagent added in ~tccession and mixed 

thoroue;hly. The sol'J.tion '\-Tas heated for 10 minutes in a 

boiling water bath a~d the colour ,roduced was read at 

230 mv-- using a Peckr.'!an n:odel B snectrophotometer w:tth the 
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red sensitive phototube. In all experimer.ts, blanks were 

;"~erformed on the chRrcoal and TCA solution. A standard 

con tainine 0.1 pmole of nhosphél te \·las -rerformed 

si~ultaneously. 

Assay of radioactivity. A 0.2 ml. aliquot of 

the hydrolyzed r~~lcleotide rhosphate fraction \vas plated and 

r:.eu tra.lized or_ the planchet by adding a sufficient amount 

of r: sodium hydroxide. The mixture was evenly spread out 

on the planchet by addine one drop of a 2 per cent solution 

of cetyltrirnethylammonium bromide, dried under an infra-red 

lamp and counted. 

It had ~)een sue;~ested that not o~:ly the terrr:inal 

phosphoric acid groups of ATP and ADP were split off by 

treatrr:ent with boiling N HCl, but that the ribose-5-phosphate 

group may also be split from ~1e ade~ine moiety. Preliminary 

experirnents vrere thns -n (;rforrr.cd ir. order to determine whether 

the radioactivity of the 7-rrinute n~cleotide phosphate was 

cor.taminr-_ted by the presence of ~ossibly labelled ribose-

5-phOSi!hn te. A O. 5' r.:l. aliquot of the hydrolyzed nucleo-

tide phosph2te fraction was rnixed with 1.2 ml. of water, 

4 rd. of an isobutanol 11enzene n:ixture 1:1 and 0.5 ml. of 

2. 5 per cer:t arr;r.,onium rnolybdate. The soh1tion 1,-ras shaken 

vigorously for 15 seconds and allowed to stand until the 

organic phase had cleared a.11d for at least 10 minutes. 
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Samples of the organic and aqueous phases '\ver e plated and 

counted. The radioac ti vi ty of the orgar:ic pho. se, l·lhich 

consisted of orthophosphate removed as the phosphomolybdate 

complex, was identical to that of the original 0.5 ml. 

aliquot assayed. On the other hand, the activity of the 

aqueous ~hase was ~ot significantly above background in­

dicatinf thc. t the ribose-5-phosphate is either not split 

from the adenine moiety during treatment t-ri th boiling 

r HCl, or if it is split, it is not labelled with i norganic 

p32 during the course of the experiment. 

Expression a~d Calculction of Results 

Incorporation of p32 into phospholipids. In 

early experiments on the incorporation of p32 into phospho­

lipids, it was found that the total phospholipid ~hosphorus 

does not vary sigcifica~tly in the :1resence of vnrious external 

factors, and the t or:1y the phospholipid labelling is affected 

(Table I). The estirn&tion of the total phos ~holipid 

phosphorus was thcr efore only carried ou t in the prelirni­

nary experiments. Rene e , the i ncorporation of p32 into 

phospholipids vras expr essed as total co'mts/rr::i n/100 rnp. . wet 

weight of tissue. In arder to have corrp~r~ tive values from 

or..e ex·nerirnent t o another the totGl counts i r: ~hospholipids/ 

rr: i n . were cor r ectcd for var i a tions i n the S})ccific activi ty 
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of the inorganic phosphate in the incubation medium. 

Tnus: incorporation of p32 into phospholipids 

Incorporation of p32 into 7 minute nucleotide 

phosphate. The radioactivity of the 7 minute nucleotide 

fraction was expressed as total counts/min/100 mg. wet 

weight of tissue and corrected for variations in the specifie 

activity of the inorganic phosphate in the incubation medium 

as above. In soœe ex~eriments the radioactivity of the 7mnp. 

fraction was expressed as counts/min/rrnole phosphate. 
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CHAPTER III 

STUDIES ON THE DTCRD~Er~T OF p32 I:'CORPORATim~ TI~TO 

PHOSPHCLIPIDS OF T\RATI1 CORTEX SLICES. 

Introduction 

A considerable amount of evidence bas accumu­

lated indicating that the incorporation of p32 into phos­

pholipids of respiring brain slices is dependent on oxidative 

phosphorylation in the slice(102 7103 ,1()1~,130,131,179). 

The addition of energy-producing substrates increases the 

incorporc..tion of p32 into phosphorus-containing comnounds, 

whereas a decrease is ohserved during anaerobiosis or in the 

presence of metabolic inhibitors which bloclc the forma tion 

of high energy phosphates (104,179,107,109). It has been 

suggested trwt the labelled p32 which is incorporated into 

phospholipids is derived from and depends on ATP (3,56). 

It vould therefore seem logical to sup-rose that under cor:.-

di tio!lS where the oxida ti ve metabolism of brain slices is 

enhanced, the labelling of phospholi~ids would also be 

increased unles s oxidation is uncoupled from phosphorylation. 

It is '\vell known thn t the ad di tien of a high 

concentration of potr:ssium ions or the omission of calcium 

ions from the incubation medium increases the oxygen con-
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sumption and aerobic glycolysis of brain cortex slices. 

These ior:ic changes also stimulo.te a number of ether meta­

bolic reactinr:. s s\lch as the synthesis of acetylcholine (124) 

or the l é~belling of glutamine from radioactive glucose (138) 

which are energy-dependent proce s ses. At :oresent it is 

believed tl:at under these conditions the operation of the 

citric acid cycle or sorne rate limiting step associated with 

this cycle is activated (35,138). On the other hand, it 

has beer.. shovm that a:! i ncrea se in :>otassium ion concentration 

in the i ncubating IT.edium decreases the level of phospho­

crentine and ATP (126,127,129,131) as \vell as inhibiting 

the incorporation of p32 into ~hosphorus-containing com-

po,mds (130,1311. :··1uch of the cellu lar metabolisrn of the 

brain i s directed towards the main tenance of a h ie;h gradient 

of ~)otassiur:-: betvreen the intracellular and ex tracellular 

co ::centrations of potas sium (126). It ha s been sw~gested 

(180 ,132 ) th;, t a n i ncrea se of pot.1ssium ions in t h e in­

cu bation medium \vould lower this gradient a r;d in order to 

re-es t abli sh i t t he metabolism of the bra in sl ices '\'TOuld 

co.:,c entra te ~) otas siurn i on-s by reactions that are energy 

consuming( llO). This \'TOUld therefore re sul t in a depletion 

of energy-rich phospha te compounds necessa ry f or the incor­

poration of p32 into phospholipids . 

Hm·rever, a poin t of i n ter est arises from the 
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investigations previously reported (130,131) in that the 

effect of cations on the incor~oration of p32 into phospho­

lipids was deterŒined after a relatively long period of 

i.ocubation where the enho.ncement of oxygen consurnption n.nd 

presumably also the general metabolism of the brain slices 

no loneer occurs. It seemed desirable to extend these 

studies to deterrr.ine whether the incorporation of p32 into 

phospholipids is paral_lel to the enhancerr.ent of the oxid­

ative rr.etabolism when this process is still taking place. 

An i nvestigatio r. of the effects of entions and substrates, 

which are known to increase cerebral resniration in vitro, 

has been made on the incorporation of p32 into phospbolipids. 

In cases vlhere a stimulatory effect ·Has observed, the incre­

r.: er.t vras corr.p o. red t o that obtained 'Hi th acetylcholine which 

has been sbm.m to ") roduce such stimulation (47). The 

factors thn t eovern this pher. omenon have al so be en examined. 

The catiordc stinn.tla tion of p32 incorporation into phos­

pholipids observed in this inve s tigation is in agr nement 

with the finding of Yoshida and Quastel who first observed 

this effect (201,134). 
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Results 

TI1e effect of pota~sium~çalcium and amt".or:ium i c·ns on the 

incnr''oration of p32 into nhospho=!-ipids. 

The effect of electrolytes or, the i~corporation 

of p32 into the phospholipids of ret brain cortex slices 

was first investigated after a 30 minutes incubation period. 

It is well l~r:own that cation ic stimulation of cerebral 

respiration, which is short-lived ~d decreases rapidly 

with time, is still marked at this time. The rcsults 

obtained are presented i n Table I. It can be seen that 

the addi tian of lCO ~ pot::"ssium ions, 10 rrl-1 anEonium ions 

or the omission of calci'lm ions from the medium increases 

tte oxyeen co:,sumption of brain slices res;Jirin.g in elu-

cose by about 70, 35 nnd 22 per cer:.t respectivcly. The 

r3 2 incorporation into phospholipids follows a similar pat-

tern as the increr:.. sed oxye;en upt'Jke except vri th amnonLtm 

ions where o mn_r!~ed decrease in !)hos pholipids la 1-_)elling 

occt:rs. This i:.hi bi ti on by an:mon ium ions is in agreement 

1.<Jith the results of Findlay _tl al. (130) who first observed 

the effect. The stit".ulatio~ of p32 incorporation by the 

addition of potassium or the omission of calcium ions is 

of the same arder as the stimul ~-:_ tion of resTüration sug-

gesting that these ti·m effects may be closely related. It 



TABLE I 

EFFECT OF K+, Ca++ AND NH4 
+ IONS ON THE INCORPORATION OF p32 INTO 

PHOSPHOLIPIDS OF RAT BRAIN CORTEX SLICES 

K+ 
(mM) 

5.2 

105.2 

5.2 

5.2 

Ca++ 
(mM) 

2.8 

2.8 

0 

2.8 

NH4 
+ 

(mM) 

0 

0 

0 

10 

Oxy&en uptake 
(pl/mg. dry wt .. 
tissue/JO min. ) 

5.1 

8.8 

6.9 

6.2 

Phospholipid-P Incorporation 
(pmoles/g. of of p32 into 
wet wt. tissue) __E_hospholipids * 

32.0 10.5 

30.8 16.9 

32.9 14.2 

- 6.7 

Per cent of 
control incor­
poration 

100 

161 

135 

64 

Rat brain cortex slices were incubated s~r 30 minutes at 37°C in modified Krebs medium 
III with 10 mM glucose and 20 pc. NaH2P 04. 

The resulta presented are the average of at least 3 experimenta. 

*Incorporation of p32 is expressed as total counts in phospholipids/min/100 mg. wet wt. 
of tissue divided by counts/min/pmole of inorganic phosphate in the incubation medium, 
and resulta quoted in this thesis will all be expressed in terme of this parameter. 

\.11 
-J 



can also be seen thnt the concentration of phospholipid 

phosphorus does not change although the labelling from 

inorganic p32 is enhanced. 

Time C0'1rse of the ionie effects. 
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In arder to establish the extent of the ionie 

effects O!: the i~corporation of p32 into phospholipids, a 

tirne course study of this effect was performed. The val'..tes 

for oxygen uptake under these experimental conditions are 

given in Fig. 2. In the normal medium, the respiration 

of brain slices carries on almost unimpaired for 180 minutes. 

When lOO mr1 of -potassium are acJded to the medium, there is 

a marked stimulatio.:-1 of oxygen consumption during the early 

stages of i.'lcubation which falls off Hi th tirne. In fact 

the oxygen u:ytake during :0eriods of longer duration than 

170 minutes is less than that of the co~trol. With a 

calcium-free nedium a simil2r :!)nttern is observed but the 

decrease in oxygen cor;sumption occurs more gradually and is 

less pronounced than in presence of potassium ions. 

The incor"!]or::: tion of p32 into phospholipids is 

shawn in Fig. 3. The rate of p32 incorporation in the 

norr::al medium is almost constant for the first 60 minutes 

of incubation ar::.d then co1~tinues at a slO\ver rate as the 

incubation is. prolonc ed to 4 h .:_1~.œs. In the presence of 



FIG~JRE 2 

TD'\E COURGE OF 7JIB OXYGEI~ UPTAKE OF RAT TIRAIN CORTF;X 0LICES I N 
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FIG11RE 3 
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100 mM potassium ions, the p32 incorporation is markedly 

stimul~ted during the first 30 minutes of incubation. 

Subsequent to this, the rate of incorporation decreases 

until after 2 hours incubation when the incorporation of 

p32 almost ceases. In the normal medium, p32 incorporation 

continues so that after 4 hours incubation the incorporation 

in the control medium is approximately 30 per cent greater 

than in the medium containing 100 ~l K• ions. In a calcium­

free medium, the initial rate in p32 incorporation also 

gradually decreases with time, but contrary to the effect 

observed with potassium ions the phospholipid labelling in 

absence of ca•4 does not cease in 2 hours incubation. At 

the end of 4 hours the p32 incorporation was the same in 

normal and ca•• free media. 

The effect of 100 mM potassium ions and calciurn-free medium 

on the concentration and p32 lahelling of nucleotide phosphate. 

In view of the above observations as well as the 

recognized fact that the degree of incorporation of p32 into 

phospholipids is dependant not only upon the concentration 

of ATP but also on the degree of incorporation of the iso­

tope into ATP, it was of interest to study the effect of 

potassium and calcium ions on the level of ATP, and on the 

p32 incorporation into ATP. The 7-minute acid-hydrolyz-
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able nucleotide phosphate (7 mnp.) was taken as a measure 

of the ATP in the slices anà vlas defined as the amount of 

inorganic orthophosphate released from the charcoal absorbed 

nucleotides \vhen they are hydrolyzed in N HCl for 7 minutes 

at lOOOC. The inorganic phosphate fraction thus liberated 

consists mainly of the acid labile phos~hate groups of ATP. 

This relatively non-specifie method was used because of the 

complex determinntions required in estimating the concent-

ration of ATP. A time course study of the effect of 100 ~ 

potassium ions on the level of ATP and on the incorporation 

of p32 into the 7-mir.ute nucleotide phosphate was performed. 

The results are illustrated in Fig. 4. It can be seen that 

the level of nucleotide phosphate in slices incubated in the 

normal medium rerr.ains almost constant for 4 hours. In the 

presence of 100 ~1 potassium, a small decrease in the 7-minute 

œ1cleotide -phosphate concentration is found after 30 minutes 

ir..c:1bation and the level of 7mnp. continues to fall at a 

constant rate, so that after 4 hours incuba tion it is only 

40 per cent of the 7 mnp. level in the control medium. 

The p32 incorporation into the nucleotide phos­

phate of tiss~:_e incubated in normal medium increases gra­

dually \oJÏ th time period and reaches equilibrium w1thin ap-

proximately 120 minutes. In the potassium-rich medium, 

the incornoration of p3 2 into the nucleotide ohosnhate is ... . . 



stimulated during the first 60 mirn1tes incubation and cornes 

to equili briwn a ft er tl~is tir;. e. The areount of p32 incor-

porated in the K+ stimulated tissue after 60 minutes in­

cubation is identical to that i.ncorporated in the unstimu-

l a ted tissue after 120 minutes, It appet.o. rs, therefore, 

thGt after a certnin period of incubation a maximum rate 

of p32 incorporation is reached, after which a further incr~ 

ease in nucleotide phosphate labelling does not occur, or 

at least is not apparent. Ahmed and Scholefield (203) 

have reported a similar observation with rat-liver slices. 

It is possible th8t the 7rœn. may equilibrate with the 

orthophosphate of the tissue, and after equilibrium is 

reached it \·roulcl not be possible to detect any increased turn-

07er since the organic phosphate would be exchanging with 

orthophosphate of the same specifie activity. The obser-

vation that although the level of nucleotide phosphnte is 

n:arh:edly decreased in the presence of lOO !!!!::. K4 ions after 

2 - 4 hours incubation, ~nd that the incorporation of p32 

into the nucleotide )hosph<~te is almost identical to that 

of the unstirr.ul a ted tissue i r! vrhich the nucleotide phosphate 

level is uni~paired is a paradox. 

The r esults obtained during an i~cubation period 

of 2 - 4 hours throw no light on the relationship between 

the l abelling of nucleotide phosphate and t he l abel ling of 



FIGURE 4 
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Incornora tion of p3 2 into 7mnp. extœ essed as 1n Table I. 
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phospholipidn either in ur..stin:ulated or stimul~ted tissue. 

However, it is of particular i.:1terest to note thPt after 

an incubation neriod of 30 minutes where the state of equi­

librium is not yet attained, a marked stimulntion in p32 

incorporation (Fig. 4) or srecific activity (Table II) of 

the nucleotide phos~)hate is observed in the presence of 

100 !!!!:1 K~ ions. An analogous effect is also obtained in 

a calcium-free ITedium and the results a~e shown in Table II. 

Another noint ,.mrth mentionin;:r, is that after a 30 minute 

incubation period, the percentage of stimulation of the P32 

incorporation into 7mnp. in the nresence of lOO ~ K4 or in 

the absence of Ca_.+ ions is relatively identical to that of 

the phospholipids labelling and of the oxygen consumption 

(Table I, II). 

The effec t of v.~rious concentra ti ons of potassium ions. 

The results pr esented in Table I showed that 

there is a strikinc stimtll&tion of p32 incorporation into 

the ::->hospholipids of brain cortex slices on addition of 100 Et: 

of potassium ions to the ir..cubation medium. This effect 

was investignted further by studying a range of concentrations 

of ·notassiurn ions from 25 to 150 rn}-~. - - The re sul ts ,_rhich are 

presented in Table III, indic a te that the acldi tian of potas­

sium ions at co!;centration of 25 and 50 .!!ill have practically 



TABLE II 

EFFECT OF THE ADDITION OF K+ (O.lM) OR THE OMISSION OF Ca++ ON THE LEVEL AND 

SPECIFie ACTIVITY OF 7 MINUTE NUCLEOTIDE PHOSPHATE IN RAT BRAIN CORTEX SLICES 

Expt. 1 .Expt. 2 Expt. 3 

Condition 7 mnp. Specifie 7 mnp. Specifie 7 mnp. Specifie 
Conc. Activity Conc. Activity Conc. Activity 

Normal medium 1.6 (lOO) 30.0xl04(100) 1.52(100) 24. 7xlo4 ( 100) 1.7(100) 28.8xl04(100) 

+ KCL (O.lM) 1.25(78) 54.0 (180) 1. 17 ( 76) 39.0 ( 157) 1.3 (77) 48.0 ( 167) 

1 

1 

1 
1 

1 

1 

++ Ca free 1.18 (74) 40.0 (133) 1.25 (82) 34.6 (140) 1. 3 ( 77) 36.0 (125) i 

Rat brain cortex slices were incubated for 30 minutes as described in Table I. 
7 mnp. concentration expressed as pmoles phosphate per g. wet weight tissue. 

Specifie activity expressed as cts/min/~mole phosphate. 
The figures in parentheses refer to percentages of the normal medium values. 

0' 
0' 



TABLE III 

EFFECT OF INCREASING CONCENTRATIONS OF K+ IONS ON THE INCORPORATION OF P32 

INTO THE PHOSPHOLIPIDS OF RAT BRAIN CORTEX SLICES 

Oxygen Uptake Inco~oration Percentage 
Addition Con en. (~17mg. dry of p3 into * of the 

(~) wt. /30 min. ) phospholipide control 

Nil - 5.3 10.1 lOO 

KCl 25 6.6 9.9 98 

KCl 50 7.4 11.6 115 

KCl 75 8.8 15.1 150 

KCl lOO 9.0 16.4 162 

KCl 125 8.9 14.3 143 

KCl 150 7.1 13.1 130 
--- ------- -- ----- ------

Rat brain cortex slices were incubated in modified Krebs medium III with glucose 10 mM 
for 30 min. at 37o. All vessels contained 20 pc. NaH2P32o4, and KCl was added as -­
indicated. 
Resulta represent mean values of two experimenta or more. 
*Incorporation p32 expressed as in Table I. 

0' 
-.J 
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r..o effect on the labellinc of nhospholipids, although an 

increase ir: oxygen uytake identical to that caused by a 

calcium-frce r. edium (Table I) is observed. With higher 

concentraticr.s, the stinrulntory effect on p32 incorporation 

increases rapidly reaching a maximum at lOO mtl of K+ ions, 

and subsequently decreases with concentrations of 125 and 

150 rnM. Since low concentrati ~ns of ~otassium ions stimu-

late the oxygen cot"'sumptior: b:1t not the incorporation of 

p32, it can be surrgested that the IJotassium-stirnulated in­

corporation may be lir:ked to factors other than just the 

increment of the oxidative rnetabolism. 

The effect of various substrates o_~ the iJ:!_corporation of P32 

into brain cortex slices metabolizing gl~cose. 

It is well l·:nown that the addition of tri car-

boxylic a cid cycle ic ternedia tes or vario~1s substra tes such 

as glutamate and Y-aminobutyric acid increases the oxygen 

. co1:. sumption of brain slices metabolizing glucose (lCl, 118, 

182, J33,183). TI1e effect of these substances on the glu­

cose stimulated incorporation of p3 2 into phospholipids was 

investigated a1-:d the results are shown in Table IV. It 

can be seen that the oxy[en uptalte is stir·ulated after an 

incubation neriod of 30 minutes, ~1t practically no effect 

is observed on the incorporation of P32. Hm·rever , if the 

incubation period is ~roloneed to 2 hours, a rnarked in-

' 



TABLE IV 

EFFECT OF THE ADDITION OF VARIOUS SUBSTRATES ON THE INCORPORATION OF p32 

INTO THE PHOSPHOLIPIDS OF RAT BRAIN CORTEX SLICES METABOLIZING GLUCOSE 

Incubation time {JO minutes) Incubation time (120 minutes) 

Addition Oxygen Incor~oration Oxygen Incor~oration 

(mM) uptake of P3 into * uptake of p3 into * 
(JJl/mg. phospholipids (pl/mg. phospholipids 
dry wt.) dry wt. ) 

Nil 5.2 10.2 (lOO) 19.5 31.0 (lOO) 

Succinate, 10 7.0 11.4 (112) 21.2 16.0 (51) 

o( -Keto-
glutarate, 10 6.2 10.3 (lOO) - -
L-g1utamate, 10 6.9 9.0 (88) 22.5 12.7 (41) 

Y-a.mino-
butyric acid, 5 6.2 9.9 ( 97) 20.6 19.8 (64) 

Y-amino-
butyric acid, 10 5.9 7.5 ( 7 3} - -

----- --- --

1 

i 

! 

' 

1 

! 

i 

Rat brain oortex slices were incubated at 37° in modified Krebs medium III with glucose, 
10 mM and NaH2P3204, 20 pc. Substrates were added as indicated. 

The figures in parentheses refer to percentages or the normal medium values. 
Resulta presented are the average or 3 experimenta. 

*Incorporation of p32 expressed as in Table r. 

0" 

"' 
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hibition of p32 incorporation is obtained in the uresence 

of succinate, gl:.1tamate and Y-arninobutyric ac id al though 

the respiratory valnes at this period of titr.e are still at 

a maximum. The i nhibitory effect on p32 inc cr~oration 

observed \vi th elu tarn[~ te is i n agreement '"i th earlier studies 

( 130). The fact that the i nhibitory effects wer e rr.ostly 

observed after long period of incubation (2 hours) a s 

observed above with 100 !r:!:l K"' ions, emphasizes that although 

the oxidative metabolism is enhanced under these conditions, 

ether metabolic -phenomena are taking place which are counter-

acting t he s tinrulatory effect. Therefore, subsequent 

studies on the effect of lOO mH of uotassium i ons or of cal-- . 
ciurn-free n:ediur.1 \ve:te al~.>mys àetermined after a 30 minute 

i ncubati on period. 

The effect of varions substrates on the stimulated-incorporation 

of p32 int o ~hospholipids 

a) Sti~ulution by p9tassium-rich or calcium-free media. 

The c <.~ tionic stimul~tion of brain cortex res­

pira tion (115 7123 ) and the i ncorporation of p32 int o phos­

pholipi ds of unstimul~ted s1ices (103 7104,179) t ake pl ace 

only \·li t h er:er gy-prod:.1cing subs tr:': tes. It seerr.ed desirable 

to ex::rr: i ne t he effect of vorious substrates on t he s timulated 

p32 i ncor })Oration in brain slices i n the '1resence of 100 m.:\1 
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K• ions or in the absence of Ca~~ ions. The results are 

shown in Tables V and VI. In the normal incubation medium, 

the addition of gl,lcose or mannose causes the maximal in­

corporation of ?32 into the phospholipids. Fructose or 

pyruvate also increases the p32 labelling, but only to a 

limited extent as compared to the former s~1bstrates, whereas 

glutamate or succinate are almost ineffective. When 100 rr~ 

of K• ions are added to the incubation medium or ca~~ ions 

omitted, the increment of p32 incorporation occurs only with 

the addition of glucose, mannose, fructose or pyruvate as 

substrates. In the absence of added substrate or in the 

presence of glutamate or s~ccinate there is no cationic 

stirr.ulation of p32 incorporation. On the contrary, with 

the endogenous or the succinate-containing medium, a small 

~ùt consistent inhihition of p32 incorporation occurs when 

the slices are stirnulated. These results emphasize once 

more the close p~rallel that exists hetween the stim"\.LlB.ted 

respiration and the stirnulated incorporation of p32 into 

phospholipids. 

B) Acetylcholine-s~_!_I_llUl.§:t_e_q incoruoration of p32 into 

nhospholinids. 

It has been -previously shown by Hokin and Hokin 

(47) thRt acetylcholine stimulates the incorporation of r32 



TABLE V 

EFFECT OF VARIOUS SUBSTRATES ON THE POTASSIUM-STIMULATED INCORPORATION OF 

p32 INTO THE PHOSPHOLIPIDS OF RAT BRAIN CORTEX SLICES 

Incorporation of p;2 Oxygen uptake 
into phospholipide (pl/mg. dry wt./30 min.) 

Substrate 
(10~) 

Control +KCl(O.lM) % of control Control +KCl(O.lM) % of control 

Nil 3·3 3.0 91 3. 0 2.6 87 

Glucose 10.1 16.0 158 5.0 8.8 176 

Mannose 10.8 16.2 150 4.8 8.0 166 

Fructose 5.0 6.6 132 4·7 8.1 172 

Pyruvate 4.6 7.2 157 5.4 9.2 170 

L-glutamate 3.8 3.6 95 5.4 5.0 92 

Sucoinate 3.4 2.9 85 4.6 3.1 81 
----- - - -- --- - ------- ----

' 
' 

1 

1 

Rat brain cortex slices were inoubated at 37°C for 30 minutes in modified Krebs medium 
III with NaH2p32o4, 20 po. Substrates added as indicated. 
The resulta presented are the average of at least 3 experimenta. 

~Incorporation ot p32 expressed as in Table I. 
-J 
1\J 
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TABLE VI 

EFFECT OF VARIOUS SUBSTRATES ON THE CALCIUM-PREE -STIMULATED INCORPORATION OF 

p32 INTO THE PHOSPHOLIPIDS OF RAT BRAIN CORTEX SLICES 

Incorporation of p~2 Oxygen uptake 
into phospholipide (pl/mg. dry wt./30 min. ) 

Substrate ++ ++ ( 10 mM) Control Ca free '1> of control Control Ca free '1> of control j 

1 

Nil 3.0 2.8 94 3.0 2.7 90 

Glucose 10.2 13.9 136 5.1 6.9 135 

Mannose 10.8 14.6 135 4.8 6.4 134 

Fructol!e 5.0 6.1 122 4.7 6.1 130 

Pyruvate 4.6 6.5 141 5.4 7.6 141 
1 

L-glutamate 3.8 3·1 101 5.4 5.3 98 

Succinate 3-4 3.2 95 4.6 4.2 91 
1 

-~-- --- - - ~ ----- -~~----~ 

The experimental conditions were as described in Table v. 
~Incorporation of p32 expressed as in Table I. 

-.J 
w 
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into phospholipids of brain cortex slices respiring in 

glucose. Since an analogous effect v.ras obtained wi th 

potassium-rich or calcium-free medium, it seemed of interest 

to undertake a compar~tive study of these effects and to ex­

arr.ine the factors \vhich also govern the acetylcholine 

stimulntion. 

Preliminary investigations under normal experi­

mental conditions showed thet acetylcholine at a concentra­

tion of 2 mM stirnulated the incorporation of p32 by approxi­

mately 50% after an incubation period of 2 hours. Although 

an effect ivas obtained 1.d th smaller concentrations of acetyl­

choline, along with a shorter incubation period, the 

stimulation was too small and inconsistant to permit a pre­

cise investigation. Subsequent studies 'Vlith acetylcholine 

were thus performed with a cor.centration of 2 ~ ocetylcholine 

during an incubation period of 2 hours. The substrates that 

support the stin:ulatory effect of acetylcholine on the in­

corporation of p32 into the phospholipids were examined 

under these conditions. The results are presented in 

Table VII. It can be seen that the acetylcholine stimulation 

of p32 incorporation takes place only in the presence of 

glucose, mannose or pyruvate to the extent of 54, 49 and 

61 per cent respectively. In the presence of fructose and 

glutamate there is no stimul~tion by acetylcholine, whereas 



TABLE VII 

EFFECT OF VARIOUS SUBSTRATES ON THE ACETYLCHOLINE-STIMULATED INCORPORATION OF 

p32 INTO PHOSPHOLIPIDS OF RAT BRAIN CORTEX SLICES 

Incorporation of P;2 Oxygen uptake 
Substrate into phospholipids (~1/mg. dry wt./2 hours) 

( 10 mM) 
Control +A Ch % of control Control +A Ch % of control 

Nil 4.8 3.2 66 7.7 7.4 96 

Glucose 29.2 45.0 154 19.4 21.7 112 

Mannose 27.0 40.1 149 18.7 20.2 108 

Fructose 10.3 10.5 102 16.6 16.7 100 

Pyruvate 8.6 13.8 161 21.7 23.8 110 

L-glutamate 6.4 6.6 103 17 ·4 17.6 101 

Succinate 5.8 4.0 69 13.3 12.5 94 
l.....-_ ---- --- ------~------ -~ -------- --------~----

Rat br.ain cortex slices were incubated at 37°0 for 2 hours in modified Kpebs medium 
III with 20 ~c. NaH2pJ204, acetylcholine (ACh) 2xl0-3M and eserine )xl0-4M. Substrates 
added as indicated. 

The resulta presented are the average of at leaat 3 experimenta. 

*Incorporation ot p32 expressed as in Table I. 
-..J 
\11 
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in the absence of added substrate or in succinate-containing 

medium the addition of acetylcholine produces a marked in­

hibition of p32 incorporation into phospholipids. A srnall 

but consistent increase in oxygen consumption nlso occurs 

in the presence of acetylcholine with the substrates which 

support the stimulation of p32 incorporation. 

The effect of sodium ions on the increased in·c~rpora ti on of 

p32 into phospholipids 

The effect of 100 ~ potassium chloride on the 

oxygen uptake of brain cortex slices is not ohserved if the 

normal amount of sodium ions in the incubation medium is 

removed completely or dirninished to a certain extent (115, 

116, 18tr). A study of the effe ct of sodium ions on the 

increase of p32 incorporation into ~hospholipids by lOO mM 

K+, absence of Ca~+ or acetylcholine was therefore undertaken. 

The sodium-free medium vras obtained hy replacine the sodium 

phosphate buffer '1.-ri th tris buffer ~'~nd the sodium chloride 

by an equivalent amount of choline chloride in order to 

maintain the correct osmotic pressure. The experimental 

results are shown in Tables VIII and IX. It can be seen 

that in the control mediur, the complete removal of sodium 

ions causes a marked inhibition of the incorporation of P32 

into phospholipids, nnd this effect is gradually abolished 



TABLE VIII 

EFFECT OF Na+ IONS ON THE POTASSIUM AND CALCIUM-FREE STIMULATED INCORPORATION 

OF p32 INTO PHOSPHOLIPIDS OF RAT BRAIN CORTEX SLICES 

Incorporation of p;2 Oxygen uptake 
+ into phospho1ipids (~1/mg. dry wt./30 min.) Na Concn. 
(mM) ++ +KCl (O.lM) 

++ ~ 
Control +KC1 (O.lM) Ca free Control Ca free ' 

1 

140 9.7 16.3 (167) 13.0 (134) 4-6 7. 5 ( 163) 6.1 (133) 1 

lOO 9.2 14· 5 ( 158) 12.4 (135) 4.5 7. 0 ( 155) 5-9 (131) 

33 7.7 9.0 (117) 10.2 (133) 4·3 4· 9 ( 114) 5. 5 ( 128) 

0 6.2 6.1 ( 100) 8. 5 ( 137) 4.0 3.6 (90) 4-9 (123) 
--~ ----

Rat brain cortex slices were incubated at 37°C for 30 minutes in standard Krebs ringer 
medium with glucose, 10 mM, tria buffer, 10 mM, pH 7o4 and NaH2p32o4, 10 pc. 

+ Na was replaced by an equivalent amount of choline to maintain the correct osmotic pressure. 
The values in parentheses refer to percentages of the control values obtained under t he 
aame experimental conditions. 
Reaults presented are the average of 3 experiments. 
Incorporation of p32 expressed as in Table I. 

-.J 
-.J 



TABLE IX 

EFFECT OF Na+ ON THE ACETYLCHOLINE-STIMULATED INCORPORATION OF p32 INTO 

PHOSPHOLIPIDS OF RAT BRAIN CORTEX SLICES 

Incorporation of p?,2 oxygen uptake 
+ into phospholipids~ (pl/mg. dry wt. / 

Na Con en. 2 hours.) 
(mM) 

Control + ACh ~ of control Control + ACh 

140 37.1 54.1 146 17.5 18.9 

lOO 39.3 56.0 142 17.3 18.2 

66 35.0 48.0 137 16.9 17 ·4 

33 27.8 )2.9 119 16.1 15.8 

0 22.0 2).1 105 15.5 15. 6 
1.-...-__~- ------ ----- - ------ ------------- ---- - --- --- ----------

Rat brain cortex allees were incubated at 37°C for 2 hours in 
standard Krebs ringer medium with glucose 10 mM, tris tiuffer 
10 mM, pH 7.4, NaH2P3204 10 pc., acetylcholine-(ACh) 2xl0-3M and 
eserine 3 xl0-4M. Na+ was replaced by choline. 

Resulta presented are the average of 3 experimenta. 

Incorporation of p32 expressed as in Table I. 

-.J 
CD 
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by the presence of minimum amounts of sodium ions. The in-

hibitory effect on P32 incorporation is not pnralleled by an 

equivalent inhibition of oxygen upt~ke. When the effects 

of 100 mtl K+ ions or acetylcholine were studied under these 

experimental conditions, the stimulation of p32 incorporation 

is not observed unless a minimum amount of sodium ions are 

present. The omission of calcium ions in a sodium-free 

medium produces an effect different from that observed with 

the addition of lOO mM K+ or acetylcholine in a sodium-free 

medium. The percentage stimulation of p32 incorporation is 

always observed with decreasing amounts of sodium ions in the 

medium, although the level of p3 2 incorporated is lower than 

that obtained under normal stirnulatory conditions. 

DISCUSSION 

It bas bRen well established that the incorporation of 

p32 into the phospholipids of rat brain preparations is de­

pendent upon the supply of metabolic energy and that the 

isotope first appears to be incorporated into ATP prior to 

its entry into phospholipids (3,56,104,107,109,179). The se 

conclusions have been confirmed in the present study and have 

been extended to cationic stirnulated brain cortex slices. 

The results presented in this chapter show that 

the potassium-stimulated oxygen consumption of brain slices 
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after 30 minutes incubation is accornpanied by a stimulation 

of p32 incorporation into ~hospholipids and ATP (7 -minute 

nucleotide phosphate) although the level of ATP is slightly 

decreased. If incubation with 100 ~potassium ions is 

prolonged for 4 hours, an inhibitory effect is observed on 

the oxygen uptake, the incorporation of p32 into phospho-

lipids, as well as on the concentration of ATP. The se 

results, obtained after a long period of incubation, are in 

agreement with earlier studies demonstrating that the addition 

of potassium ions has an inhibitory effect on several meta­

bolic processes of the central nervous system !g vitro (126, 

130,131,132,135). As a result of the present and of earlier 

investigations, it seems likely that two metabolic pheno-

mena take place in brain slices incubated in a potassium-

rich medium, which are concomitant1y inf1uencing the in­

corporation of p32 into the phospholipids. 

The first of these phenomena, \oJ'hich results in 

the enhanceiT.en t of p32 incorpora ti on, would be a direct 

consequence of the stimulated oxidative rnechanism initiated 

by the presence cf excess potassium ions. Quastel (35) 

has suggested tha t the ionie movements at the nerve cell 

membrane in the presence of lOO mM K• ions mD.y cause a series 

of reactions involving the accumula tion of ADP since it has 

been shown that excita tion of the brain results in a drop 
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in the content of ATP (185) é1!":d an increase in the ADP/ATP 

ratio ( 186). The key role played by ADP in the regul:-~ ti on 

of resfliratory and glycolytic processes is well ~lown. 

Therefore, snch reactions by accelernting rate regulating 

steps would cause the stimula tion of respiration of iso-

lated i~tact brain tissue, and thus affect the catabolism 

of hexosephosphate t o pyruvate. Kini and Quastel (138) 

have also concluded that the stimulatory effect caused by 

the addition of , otassium ions is largely directed to-..mrds 

the accelerntion of a pnce-rnaking step, that is, the con­

version of pyruva te to acetyl-CoA. It is possible there­

fore to interpret the stimulation of p32 incorporation into 

t he nhosnholinids i n the nresence of lOO m1l K.f. ions. The .... ... ... - -
increased glucose O):idation (187,121) and increased rate 

of acetyl-CoA for~ation lead to a hieher level of the avail-

a ble i n terr·edia te con:pounds, re sul ting in an ac celer& ti on 

of the citric acid cycle and therefore in an acceleration 

of the incorporation of p32 into ATP. Since phospholipids 

are labelled from ATP32, an increase p32 incorporation should 

result, and this was indeed observcd after a 30 minute i n-

cubation. In relation to the acceleration of the citric 

acid cycle, Kini and r~uastel (138) found that lOO m."'1 K.a. ior. s 

stimulate the labelling from glucose-u-cl4 of varicus amino­

acids derived fro rr the citric acid cycle intermedia tes. 
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The second phenomenon i·Jhich re sul ts in an 

inhibition of the incorporation of p32 inta the phospho­

lipids, may be a consequence of the depletion of high energy 

phos:phé:tte compounds in the presence of excess potassium 

(126,131). In arder to expJain this phenomenon it bas 

œen suceested (180,132) that since rr.uch of the cellular 

r.Jetabolism is directed towards the maintenance of a hirrh 

gradient of ~ otassium ions be~veen the intracellular and 

extracellulnr compartments of the tissue . (l26), addition 

of potassiurr: ions to the incubc;.tion rr.edium '\vould lOi·rer this 

gradient &nd in an attempt to re-establish it the metabolism 

of the brain slices would be directed towards the concent­

ration of ;)otassium ions by reactions that are energy con­

suming (llO). This would result in the lm.rered av<tilability 

of energy f or . energy-co;:suminr; reactions such a.s the in­

corpora ti on of p32 in to .:;hospholipids. An al tern.:. ti ve 

explanation closely related to the above arises from the 

sureestion of Mcihrain (20) that the addition of potassium 

ions causes depolarizQtion of the nerve cells resultinr, in 

the entry of sodium i or:s in the cells. Keynes (188) has 

concluded that rnetabolic enerey is required to drive the 

recovery :l rocess responsibie fnr rr:aintaininr: the low internai 

sodium and high internai potassium concentrations in the 

nerve celi. 
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The )resent results therefore illustrate the 

a bove hro phenomena. In the early stages of the incubation 

in the presence of 100 ~ potassium ions, the oxygen con­

surnption as vrell as the incor~ora ti on of p32 in to ATP ( 7 mnp.) 

and phospholipids are stirnulnted although the amount of ATP 

(7 rr.!1p.) is slightly decreased, caused by the energy re­

quirerr:ent, but is still high enough to support the stimu-

lation of substrates oxidation. As the dur2tion of the · 

incubation period is e):tended, tl1e depletion of ATP (7 rr.:np.) 

increases and hecomes a 'limiting factor for the processes 

dependent u~on it, resulting in a gradu~l decrease of the 

stir.:ulatory effect, and finally leading to an inhibition 

when the amount of ATP is very lm.;, which is the case after 

4 hours incubation. 

The e::periments v!i th a ca•• free medium indic­

a te that sirnilar effects to tho se observed ,,.Ji th a potassiœn 

rich r.- ediut1 take place. Perhaps the calcium lack exerts 

its effect by a rr:echar.isti similar to th~ t of high potassium 

ions concentratio~ . Indeed ca lciuœ ions appear to affect 

primarily the constraint i rnposed upon movements of Na+ and 

K ... across the membrane; they react with and become !'art of 

the surface structure of the cell (129). In this connection 

Vcilwain (20) has surpested that the omission of calcium 

ions i~ the medi~ causes depolarization of nerve cells. 
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The findings that ar;r:.oniur.: ions or glutamate 

idli bit the ü:corpore. tion of p32 ·into the phospholipids of 

broin slices metabolizing glucose are in agreement with the 

earlier studics of Findlny et al. (130) and of Rossiter (131). 

Am!!loniurn ions and [;lutamate partici'9ate actively in g1ut-

amine synthe sis, an energy dependent process, and 111 the 

presence of the se su:=:,stances the leve1 of ATP ( 190, 201+, 205) 

and of phosphocreatine (200,126,193) is depleted in brain 

slices. Therefore, reactions that are energy requiring, 

such as the incorporation of p3 2 into phospholipids or the 

syr.thesis of acetylcholine (191), are bound to be inhibited 

under these conditions. Branganca et al. (192) shm.red that --
inhibitors of glutar.1ine synthesis overcame the inhibition 

of acetylcholine synthesis by arr..moniurn ions. Recently 

Woodrr:an and Mc Ihmin ( 19 3) found tha t the ra te of break-

down of phosphocreatine in cerebral tissue on the addition 

of glutamnte or ar~oniurn ions is a very rapid process. 

The inhibitory effects observed on the incor­

poration of p32 \vi th the addition of succinate or Y-a~ino-

butyric acid ( Cii.BA) parallel the above phenomenon. It has 

been shovm tha t t he addition of the se substrates to hr ain 

s1ices ~etabolizing glucose decreases the ability of the 

tissues to r.-:ai ntain their level of ATP (190,204) ar~d of 

phosphocreatine (193). This in.hi bi tory effec t vri th GABA 
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does not ooncur \<Tith the finding of Tsukada et al. (194) 

who reported that GABA stimulates the incorporation of p32 

into the phospholipid fractions of ~tinea pig brain cyto-

plasmic particulates. The siwilarity of the inhibitory 

effect of GABA vrith that of glutamate or succinate is a 

point of interest. It he.s been shown tha t GABA may be 

metabolized in brain via transamination withq'-ketoglutarate 

to yield glutamic acid and succinic semi-aldehyde vrhich is 

then further metaboli zed by oxidation to succinic acid (195, 

196). In this connection it appears that the ir~ibitory 

effect of GABA on the incorporation of p32 may be due to its 

oxidation to glutamate and succinate '"hich then cause a 

depletion of high energy phospha te compounds. Another pos-

sible exp1anation for the depletion of the labile-P in the 

tissue by glutamate has been suggested by Rossiter (180). 

Brain cortex slices i n the presence of glucose and 1-glut­

amate are able to concentrate potas sium ions and L-g1utarnate 

within the tissue against a concentration gradient (111,112, 

113,), and this process \vould be expected to deplete the 

tissue of high e~ergy phos) hates. Elliott and Van Gelder 

(197) also reported tha t the uptake of GABA can oc cur against 

a concentration gradient. 

The sti~ulation of p32 incorporation into phos­

pholipids in the preser..ce of 100 mt! re+ or in the absence of 
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ca•• was found to take place with glucose, fructose, man­

nose or pyruvate but not with glutamate or succinate as 

substrate. This stimulâtion parallels the enhancement ·Of 

oxygen uptake which occurs with the identical substrates as 

previously observed for potassium (115,123) or electrical 

stimulation (140) of brain cortex slices. The postulation 

by Kini and Quastel (138) that the stim~latory effect of 

100 mM K+ ions is largely directed towards the conversion 

of pyruvate to acetyl-CoA makes it possible to explain the 

above results. The substrates that increase the avail-

ability of pyruvate will su~port the stimulation of the 

pyruvate-acetyl-CoA step and therefore of the incorpor­

ation of p32 into phospholipids as explained above. It 

may be rnentioned that the synthesis"of acetylcholine, which 

is synthesized from acetyl-CoA, is stiœulated by increased 

K+ ions i n the medium (124). 

It was found that ld th the exception of fruc­

tose, the substrates that support t he incorporation of p32 

into phospholipids in the presence of acetylcholine are the 

same as those that support the cationic stimula tion. In 

this connection, it is of interest to recall the results of 

~-lann et al. (198) who found that the synthesis of acetyl­

choline by brain slices occurs onJ.y in the presence of 

glucose, n:annose, l acto.te or pyruvate. There is thus a 



sirnilarity between the substrates tbat will support the 

normal incorporation of p32 into phospholipids, (lo4,179) 

the formation of acetylcholine (198) a~d the stimulation of 

p32 incorporation into phospholipids by cations or acetyl­

choline, in brain slices. These results lead to the con­

clusion that the stimulation of p32 incorporation by cations 

or acetylcholine is a metabolic phenomenon and is depen­

dent upon an adequate phosphorylating mechanism within the 

slices, since the so-called "non energy-yielding" substrates 

glutamate and succinate fail to support the stimulation. 

The experiments with sodium-free medium indicate 

that the presence of a certain concentration of Na~ ions is 

required to support the normal incorporation of p32 into 

phospholipids as well as the stimulation of p32 incorpor­

ation by 100 IDU K• ions or by acetylcholine, in agreement 

with earlier studies (133,134,202). This specifie require­

ment of Na• ions is obscure and di f ficult to explain, al­

though it scems likely that the stimulatory effects observed 

above are closely linked to the ionie movement of Na• and 

K• ions at the cell membrane (20,35). A number of obser-

vations support this hypothesis. It is knovn that brain 

slices which are actively producing energy, contain a high 

concentration of potassium after incubation in a normal 

saline medium (110,112,113). This concentration of 
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potassium in the tissue is increased further in the presence 

of 100 ~ K• ions (112,113). Pappius et 21· (199) showed 

that the increasedpotassium concentration in the incubated 

s1ices occurs on1y when sodium ions are present in the medium. 

Gore and Mcilwain (200) also reported that the omission of 

sodium ions from the normal ~edium results in lowering the 

phosphocreatine level in the s1ices. This latter obser-

vation would help to exp1ain the inhibitory effect of a 

sodium-free medium on the incorporation of p32 into phospho-

lipids (Table VIII) and in phosphoproteins (133) which are 

ATP dependent processes. The results of Gore and Mcilwain 

(2 00) a1so 1ead to the suegestion that the accumulation of 

potassium in the slices is dependent upon the provision of 

high energy phosphate which would be inadequate when rra+ ions 

are absent as proposed by Pappius et al. (199). -- It bas 

also been suggested thé!t the accumulation of the potassium 

in the tissue is a result of the activity of a mechanism 

which extrudes sodium and accumulotes 9otassium within the 

cells (199). It would therefore seem likely that the con-

centration of potassium ions in the tissue is specifically 

dependent on the presence of Na• ions, and in its absence, 

the stimulatory effect of 100 E:!ll K.._ ions '\ITould not occur 

since the amount of potassium in the slices would be at a 

minimum. In the case of the acetylcholine stimulation of. 
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p32 incorporation which has been linked to the depolarization 

property of this substance (52), the lack of sodium would 

thus cancel this phenomenon and the effect associated with 

it. 

In contraet ta the p:>tassium and acetylcholine 

results, it \oTas somewhél.t surprising to find that in a cal­

cium-free medium a stimulation of oxygen uptnke and p32 in­

corporation occurs when i·:a+ is omitted from the medium (Table 

VIII). The explanation for this stimulatory effect can only 

be a point of speculation at present. It may be due to the 

fact that the inhibition of oxygen uptake or p32 incorpor­

ation observed in a Na+ free medium does not take place when 

calcium ions are also omitted from the medium. 

SUWARY 

1. The addition of lOO mM KCl or the omission of 

cac12 from the normal incubating medium causes a 

marked stimula tion of oxygen uptake and a parallel 

stimulation of p32 incorporation into phospholipids 

of brain cortex slices durine the early phases of 

incubation. The ,otassium-stimulated p32 incorpor-

ation is not observed after an incubation period of 

2 hours. Longer periods of incubation caused a 

progressive inhibition in the labelling of phospho-
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lipids. The calcium-free stimulated p32 incorpor-

ation progressively decreases with incubation time, 

but does not result in an inhibition after 4 hours 

incubation. 

2. The level of 7-minute hydrolyzable nucleotide 

3. 

4. 

phosphate is slightly decreased after 30 minutes 

incubation by the addition of 100 ~1 KCl or by the 

omission of cac12 from the medium. This decrease 

becomes more marked with incubation periods of longer 

duration. The stimulated incorporation of P32 into 

the 7-rr.inute nucleotide phosphate gives approximately 

the same quantitative picture as the stimul~ted in­

corporation into phospholipids by the addition of 

100 ~ KCl or by the omission of cac12 after 30 

minutes incubation. 

When brain cortex slices respiring in glucose 

are incubated in the presence o~ NH4• ions, succin­

ate, glutamate or Y-arninobutyric acid, a rnarked 

inhibition of p32 incorporation into phospholipids 

occurs. 

The stirnul~ ted P32 incorporation into phospho­

lipids by the addition of 100 W·1 K• ions, acetyl­

choline or by the omission of ca•• ions from the 

medium takes place only in the presence of high 
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energy producing substrates. 

When sodium ions are orr~tted from the normal 

incubation medium, the incorporatio~ of p32 into 

phospholipids is inhibited. The stimulatory effect 

of 100 ~ K+ ions or acetylcholine does not occur in 

a sodium-free medium. In contrast, a stimulation 

of p32 incorporation is observed in a sodium-free 

medium when ca~• ions are absent. 
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CHAPTER IV 

EFFECTS OF METABOLIC INHIIHTORS OH THE STIMULATED 

INCORPORATION OF p32 INTO PHOSPHOLIPIDS OF RAT BRAIN 

CORTEX SLICES 

Introduction 

A striking feature of the cationic stimulation 

of brain cortex slices is to increase respiratory rates to 

approximately those found in vivo. Horeover, the cationic-

stimulated slices possess many of the metabolic characte­

ristics of brain tissue in the excited state as well as 

those observed during increased activity in the brain 1g 

vivo ( 3 5, 20) • These metabolic and physiological parallels 

have focused attention on the rnechanism of the potassium­

stimulated neuronal respiration and have been of particular 

interest in regard to the effect produced by metabolic in­

hibitors and neurotropic drugs on t he metabolism of the brain 

l1! vitro. It is now well established that potassium-sti-

mu1ated hrain cortex respiration is very sensitive and is 

easily suppressed by metabolic irillibitors or low pharmaco­

logically active concentrations of narcotics which have no 

demonstrable effectw on the unstimulated respiration in the 

presence of glucose (119,122,123,210,35). 
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In the previous chapter, the stimulatory effect 

of cations or acetylcholine on the incorporation of p32 into 

phospholipids of brain cortex slices was described. It was 

postulated, in agreement with earlier studies (201,152,lo4, 

179,131), that this effect is an energy-dependent phenomenon. 

The cationic-stimulated p32 incorporation into phospho1ipids 

was considered to be a consequence of an increased rate of 

synthesis or turnover of ATP due to the activation of the 

citric acid cycle invo1ved in glucose oxidation, or of a 

pace-rnaking step c1ose1y associated with it. Since meta-

bo11c inhibitors are known to inhibit the incorporation of 

p32 into phospholipids (104,56,107,131,109,179) and ATP (107, 

131,179,109), it was of interest therefore to investigate 

the effect of these agents on the stimu1ated incorporation 

of p32 into phospholipids. 

In the present chanter, experirnents on the effects 

of sorne metabolic inhibitors on the cationic.or acetylcholine­

stimulated incorporation of p32 into phospholipids are re-

ported. Typical respiratory and glyco1ytic inhibitors such 

as malonate, iodoacetate and fluoride have been studied. The 

effect of sorne typica1 central nervous system depressants 

like amytal, chloretone and ethanol at concentrations ap­

proxirnately equa1 to the narcotizing cmcentrations have 

been examined. Final1y, the effect of atropine and ~Ibo-
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curarine, well known acetylcholine antagonists, have also 

been studied. 

Results 

The effect of sodium malonate on the stimulated incorporation 

of P32 into phospholipids of brain slices 

The addition of 2 mll malonate slightly decreases 

the oxygen uptake of brain slices incubated with glucose but 

completely abolishes the potassium-stimulated oxygen uptake 

as wel1 as that of the calcium-free stimulation, although 

to a lesser extent (Table X). This is in agreement with 

previous reports in the 1iterature (119,120,121). The in­

corporation of p32 into phospholipids is not altered signi­

ficantly at this concentration but contrary to a previous 

finding (104) there is a definite inhibition when higber 

concentrations such as 5 and 10 mM rnalonate are used. In 

the presence of 100 mM K• or in the absence of ca•+ ions 

there is a greater inhibition of the incorporation of p32 

by malonate than is demonstrated in the unstimulated tissue. 

In fact, not only is the cationic stimulation abolished by 

malonate, but the total amount of p32 incorporated is re­

duced to lower values than thoseof the unstimu1ated slices. 

Since rnalonate inhibits the oxidation of succinate in brain 



TABLE X 

EFFECT OF MALONATE ON THE STIMULATED INCORPORATION OF p32 INTO PHOSPHOLIPIDS 

OF RAT BRAIN SLICES IN RESPONSE TO 

Incorporation of p;2 
Per cent Malonate into EhosEholiEids of conon. Control +KCl( O. lM) control (mM) 

0 10.8 16.7 155 
2 10.5 11.1 105 
5 6.5 4·4 68 

Control ++ Ca free ~ 
0 12.3 16.4 133 
2 11,3 13.0 115 
5 7.8 7.1 91 

Control +A Ch ~ -
0 30.0 5lco0 170 
2 28.4 39.6 139 
5 19.5 24.9 127 

10 8.9 9.3 104 
- -- ----- --------- ----- - -------

+ O.lM K , Ca++FREE OR ACETYLCHOLINE 

Oxygen uptake Per cent Incubation 
'El[ms. d~ weisht~ ot time 

Control +KCl{O.lM) control (min. ) 

5.0 8.5 170 
4.8 5.0 104 30 
3·4 2.9 86 

Control ++ ca free ~ 
4.8 6.5 135 
4.5 5.6 124 30 
3.4 3.5 103 

Control +A Ch -
20.2 22.0 -
18.6 18.9 - 120 
12.2 12.5 -
10.0 9.9 -

1 

1 

Experimental conditions as in Table I. Acetylcholine (ACh) 2 mM was added with eserine 3xl0-~. 
Reaulta represent mean values obtained from 3 experimenta. 
*Incorporation of p32 expressed as in Table I. 

..0 
V\ 
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slices by competing with s~ccinate for the enzyme succinic 

dehydrogenase (206), it makes it a potent inhibitor of the 

citric acid cycle. These results indicate, therefore, the 

importance of the role played by the citric acid cycle in 

the stimulated incorporation of p32 into phospholipids. 

The inhibitory effect of malonate on the stimu­

lated p32 incorporation by acetylcholine follows a similar 

pattern to the results obtained in the presence of the cati­

onic stimulation althougb the inhibitory effect is less 

marked. The presence of 10 mM rnalonate completely blocks ....... 
the acetylcholine stimulation. However, even at this high 

malonate concentration, the amount of p32 incorporated into 

phospholipids in the presence of acetylcholine is not lower 

than that of tJ~e control value, contrary to what is observed 

with the cationic-stimulated tissue. The inhibition of 

oxygen consumption by malonate is the same in the presence 

or the absence of acetylcholine. 

The effect of iodoacetate and fluoride on the stimUlated 

incorporation of r32 into phospholipids of brain slièes 

The effect of iodoacetate and fluoride, two 

strong glycolytic inhibitors, was then investigated with 

special emphasis being placed on the stimulatory effect of 

acetylcholine. The results are shown in Table XI. In 



TABLE XI 

EFFECT OF IODOACETATE AND FLUORIDE ON THE STIMULATED INCORPORATION OF p32 INTO 

PHOSPHOLIPIDS OF BRAIN SLICES IN RESPONSE TO O.lM K+ OR ACETYLCHOLINE 

Incorporation of p~2 Per cent Oxygen uptake Per cent 
Inhibi tors Conc. into EhosEholiEids of (~l[ms. drz wei~t ~ of 

(M) Control +KCl(O.lM) control Control +KCl(O.lM) control 

None - 10.7 17.1 160 4.9 8.3 170 
Iodoacetate 10-5 9.0 12.3 136 4.8 1.1 160 
Iodoacetate 10-4 5.2 2.5 48 4·3 3.6 83 

Control +A Ch ~ Control +A Ch -
None - 31.5 51.6 164 18.8 19.8 -
Iodoacetate 5xlo-5 20.0 28.8 144 15.3 J.4.6 -
Iodoacetate 10-4 12.7 13.4 105 9.8 9.4 -
Na fluoride lo-3 23.6 33.5 142 17.3 17.5 ... 
Nt fluoride 5xlo•3 11.0 12.7 114 10.1 12.2 -

'------~-- - ----

Incu~l 
ation j 

time 
(min. ~ 

1 

1 

30 

J 
1 

' 

120 

Experimental conditions as in Table I. Acetylcholine (ACh) 2 mM was added with eserine 3xl0-~. 
Resulta represent mean values obtained from 3 experimenta. 
*Incorporation of p32 expressed as in Table I. 

-.[) 
-J 
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agreement with the observation of Strickland (104), iode­

acetate and f1uoride exert a marked inhibitory effect on the 

incorporation of p32 into the phospho1ipids of unstimu1ated 

brain s1ices. Iodoacetate (1Q-4H) inhibits the oxygen up­

take by about 12 per cent when the s11ces are incubated for 

30 minutes (experiments with 100 w1 K•) whereas the incor­

poration of p32 into phospho1ipids is decreased by 52 per 

cent. After a two hour incubation period (experiments· with 

ACh) the rate of oxygen uptake, as we11 as the incorporation 

of p32 is marked1y decreased. These results i11ustrate 

the we11 known uncoup1ing property of iodoacetate. Si mi-

1ar1y to the stimulated oxygen consumption, the potassium­

stimulated incorporation of p32 is rnuch more sensitive to 

iodoacetate than the unstimulated p32 incorporation resulting 

in a complete blocking of the potassium stimulatory effect. 

Moreover, the amount of p32 incorporated into the phospho­

lipids is decreased to the endogenous 1evel i n the stimu­

lated tissue when 10-~1 iodoacetate is used. The acetyl­

choline stirnulatory effect is less sensitive to iodoacetate 

than the ca tionic stimulation, a result sirnilar to that ob­

tained with malonnte. Nevertheless, the acetylcholine 

stimulation of p32 incorporation is comp1etely b1ocked by 

10-41'\iodoacetate. It can also be seen that fluoride 

(1o-3 or 5xlü-3M) exercises a profound inhibitory effect on 



the acetylcholine stimulation of p32 incorporation into 

phospholipids. 

99. 

!ha effect of amytal and chloretone on the stimulated in­

corporation of p3? into phospholipids of brain cortex slices. 

It is well known that narcotics cause reduced 

respiration in the central nervous system 1g vivo (207, 

208). Similarly, pharmacological concentrations of nar-

coties ~roduce an analogous affect in vitro by uncoupling 

phosphorylation from oxidation (209), resulting in sup­

pression of the stimulation of neuronal respiration which 

is brought about by the addition of 100 m~ K~ ions or the 

omission of ca•• ions from the incubation medium (122,123). 

In view of these considerations, the effect of amytal and 

chloretone on the cationic and acetylcholine-stimulated p32 

incorporation into phospholipids was examined. 

In agreement with earlier studies (104-,201), the 

results demonstrate (Table XII) that at the concentration 

used, amytal and chloretone have only a slight inhibitory 

effect on the labelling of phospholipids in unstimulated 

slices. In the presence of 100 mM KT ions (or omission of 

ca•~) the addition of either of these narcotics exerts a 

marked inhibition of the phospholipid labelling, and the 

cationic stimul~tion is almost completely abolished in a 



TABLE XII 

BPPECT OF AMYTAL AND CHLORETONE ON THE STIMULATED INCORPORATION OF p32 INTO PHOS-

PHOLIPIDS OF BRAIN SLICES IN RESPONSE TO 

Incub- Incorporation of p~2 
a ti on into EhoaEholiEids 

+ O.lM K 1 Ca++FREE OR ACETYLCHOLINE 

Per cent inhibition Ox~en uptake 
(~1.2!!Si• drz wt.~ Inhibitors time Control +KCl( O.lM) Control +KCl(O.lM) Control +KC 1 ( 0. lM ) 1 (min) 

None 10.8 17.2 - - 5.2 9.1 
1 

Amytal 0.5 ~ 30 9.2 10.3 15 40 3.7 4.0 
1 

Chloretone 2 mM 8.6 9.0 20 48 3.1 3.0 

control ++ Ca free Control ++ Ca free Control ++ Ca free 
None 10.1 13.5 - - 5.0 7.1 
Amytal O. 5 !!!!1 30 8.2 9.6 19 29 3.8 4.3 
Chloretone 2 mM 8.0 8.3 - 21 38 ).0 ).2 

Control +A Ch Control +A Ch Control +A Ch 
None 30.9 50.1 - - 19.8 22.0 
Amytal o. 5 !!!!:! 120 24.2 )1.6 21 38 14·4 14· 0 
Chloretone 2 mM 23.4 25.9 24 49 11.1 11.3 - .. 

p y ( ) 

Resulta represent mean values obtained from 2 experimenta. 
* 32 Incorporation of P expressed as in Table I. 

• 

1-' 
0 
0 
• 
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manner paralle1 to the inhibition of oxygen uptake. 

Similarly, the acetylcholine-stirnulated p32 incorporation 

is completely suppressed by the addition of 0.5 !tl amytal 

or 2 mli ch1oretone. 

The effect of ethanol on the stimulated incorporation of 

p32 into phospho11pids of brain slices 

Recent investigations have shown that the addition 

of ethanol at sma11 concentrations diminishes the oxygen 

uptake of rat brain cortex slices respiring 1n glucose when 

they have been stimulated by the addition of 100 ~ K~ ions 

(123,210) or by e1ectrical impulses (211,212). In this 

respect the inhibition produced by ethanol is similar to 

that brought about by other narcotics. Hmrever, contrary 

to the action of other narcotics, ethanol slightly stimu­

lates the normal respiration of brain slices at a concent­

ration of the same order as that necessary to cause narcosis 

in the rat (123,210). Moreover, ethanol has not been ob­

served to act as an uncoupling agent of oxidative phosphory-

1ation (213) and it does not affect mitochondrial respiration 

in pharrnacologically active concentrations (210), Hever­

theless, it has been supgested that ethanol may interfere 

with ATP formation in brain cortex slices since it inhibits 

glycine incorporation into brain proteins ( 217 ). It was 
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of interest, therefore, to study the effect of ethanol on 

the incorporation of p32 into phospholipids since this bio­

chemical process is very sensitive to agents which interfere 

with the metabolism of energy-rich phosphates. 

The results are presented in Tables XIII and XIV. 

It can he seen that at the concentrations tested (0.2 - o.BM), 

ethanol has no inhibitory effect upon the unstimulated oxygen 

uptake. However, when 0.6 and o.BM ethanol are employed, 

a small but consistent inhibition of p32 incorporation oc-

eurs with the unstimulated tissue. In the presence of 100 mli 

potassium ions, an inhibition of the stimulated oxygen con­

sumption as well as p32 incorporation is obtained with 0.2M 

ethanol. The inhibitory affect under these conditions in-

creases markedly with increasing concentrations of ethanol, 

and the potassium stimulation is almost abolished at o.~) 

ethanol. In the presence of 2 IDU acetylcholine, the ad-

dition of ethanol exerts an ir~ibitory effect on the sti­

mulated incorporation of p32 even at low concentrations 

(Table XIV). Here again the acetylcholine effect is not 

as sensitive as the potassium effect. 



TABLE XIII 

EFFECT OF ETHANOL ON THE INCORPORATION OF p32 INTO THE PHOSPHOLIPIDS 

OF BRAIN CORTEX SLICES IN THE PRESENCE AND ABSENCE OF KCl (O.lM) 

Per cent 

Ethanol Incorporation of P~2 inhi~ition Oxygen uptake 
into EhosEholiEids of K ()ll/mg. dry wt/30 min) concn. stimulation 

(M) Control +KCl(O.lM) Control +KCl(O.l.M) 

0 11.8 19.5 - 5.2 9.0 

0.2 12.6 17.9 31 5.7 8.6 

0.4 12.0 15.7 52 5.3 7.8 

0.6 10.9 1).6 65 5.2 7.0 

0.8 9.9 . 10.9 87 s.o 5.9 

Rat brain cortex slices were i~cubated for JO minutes in modified Krebs medium 
III with glucose 10 mM, NaH2P3 04 20 pc. and ethanol as indicated. 

Resulta represent mean values obtained from 3 experimenta. 

* 32 Incorporation of P expressed as in Table I. 

1 

1 

1-' 
0 w 
• 



TABLE XIV 

EFFECT OF ETHANOL ON THE INCORPORATION OF p32 INTO THE PHOSPHOLIPIDS 

OF BRAIN CORTEX SLICES IN THE PRESENCE AND ABSENCE OF ACETYLCHOLINE 

Per cent of 
Incorporation of p;2 inhibition 

oxy,_en uptake Ethanol of ACh 
conc. into Ehos2holiEids stimulation (pl/!'1&• d_cy_ wt}30 min) 

(M) Control +A Ch Control 

0 36.8 57.0 ... 19.1 

0.2 36.9 54.8 11 19.8 

0.4 35.0 49.3 30 19.5 

0.6 31.5 42.0 48 18.6 

0.8 29.4 37.1 62 18.4 
-- - - -- --~------ - -- --- - -- - - - -- -----

Rat brain cortex slices were incubated for 2 hours in modified Krebs 
III with glucose 10 mM, NaH2P3204 20 pc. and ethanol as indicated. 

Acetylcholine (ACh) 2 ~ was added with eserine 3xl0-~. 

Results represent mean values obtained from 4 experimenta. 

*Incorporation of p32 expressed as in Table I. 

+A Ch 

21.5 

20.5 

19.6 

19.0 

18.8 
-~---

medium 

...... 

~ 
• 



105. 

The effect of atropine, hyoscine and tubocurarine on the 

stimulated incoruoration of P32 into phospholipids of brain 

slices. 

Hokin and Hokin (47) demonstrated that atropine 

abolishes the stimulatory effect of acetylcholine on the 

incorporation of p32 into the phospholipids of guinea-pig 

brain slices. In view of the sirnilarity observed between 

the cationic and acetylcholine stimulation of p32 incor­

poration, a study of the effects of atropine and sorne re­

lated compounds on the cationic stimulation of p32 incor­

poration was undertaken. The results given in Table XV 

corroborate the findings of Hokin and Hokin. They indicate 

that low concentrations of atropine have no effect on the 

incorporation of p32 into phospholipids whereas high con­

centrations stimulate p32 incorporation. It can also be 

seen that the stimulatory effect of acetylcholine is in­

hibited by atropine, although the inhibition is not as 

rnarked as reported by the above authors. A possible explan-

ation for the lowered sensitivity to atropine could be that 

the concentration of acetylcholine used in the present ex­

periments is 20 times greatèr than that used by Hokin and 

Hokin (47). As might be expected, hyoscine exerts an 

effect similar to that produced by atropine. 

In the presence of 100 mr1 potassium or in the 



TABLE XV 

EFFECT OF ATROPINE AND HYOSCINE ON THE STIMULATED INCORPORATION OF P32 

INTO PHOSPHOLIPIDS OF BRAIN SLICES IN RESPONSE TO ACETYLCHOLINE 

Incorporation of p;2 Per cent Ofrngen uptake 
Additions inhibition (pl mg. dry wt. / Concn. into phospholipids 

(M) of ACh 120 min) 
control + ACh stimulation Control + ACh 

None - 29.0 46.1 .. 19.4 
Atropine 2xl0-5 28.1 38.5 40 19.0 
Atropine 10-4 34.2 41.8 55 19.6 
Atropine 2xlo-3 43.0 48.5 68 18.8 
Hyoscine 2xlo-5 29.5 41.1 32 19.5 
Hyoscine 10-4 33.8 43.2 45 19.1 

Experimental conditions as in Table I. Incubation time 2 hours. 

Acetylcholine 2 mM was added with eserine 3xl0-~. 

Resulta represent mean values obtained from 2 experimenta. 

*Incorporation of p32 expressed as in Table I. 

-
20.5 
20.3 
19.4 
19o0 
19.5 
20.0 

t-' 
0 
0' . 
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absence of calcium ions (Table XVI), atropine and hyoscine 

exert no inhibitory effect on either the stimulated oxygen 

uptake or incorporation of p32 into phospholipids. On the 

contrary, the stimulatory effect produced by 10-3~,; atropine 

on the incorpora ti on of p32 into phospholipids -vms ad di ti ve 

to that produced by 100 m.lj potassium or calcium-free medium. 

Table XVII shows that tubocurarine bas no major 

effect either on the oxygen uptake or the incorporation of 

p32 into phospholipids of unstimulated cerebral cortex in 

concentrations between 2xlo-5 and 10-3!-1. The effect of 

this compound on the potassium-stimulated oxygen uptake or 

on the enhanced p32 incorporation was examined under con-

ditions which gave a maximal stimulation. Again no con-

sistent increase or decrease of stimulation in response to 

100 ~ potassium or to acetylcholine is observed. 

DISCUSSIOl~ 

It was concluded in the previous chapter that 

the stimulation of p32 incorporation into phospholipids is 

closely related to the stimulation of oxidative metabolism 

brought about by the addition of 100 ~ K• ions (or omission 

of ca•• ions), and that the factors which sup~ort this 

increment resemble those which support the acetylcholine 

effect. In the present studies, the effects of metabolic 



TABLE XVI 

EFFECT OF ATROPINE AND HYOSCINE ON THE STIMULATED INCORPORATION OF p32 I NTO 

PHOSPHOLIPIDS OF BRAIN SLICES IN RESPONSE TO K+ O.lM OR OMISSION OF CALCIUM 

Incorporation of p;2 Oxygen fJtake 
1 

into phospholipids (pl/mg. dry wt. 30 min. ) 
Additions Conen. ++ ++ M Control +KCl(O.lM} Ca free Control +KCl(O.lM) Ca free 

None - 10.5 16.0 13.9 5.3 8.8 7.1 

Atropine 2xlo-5 10. Q. 16.4 J.4.3 5.1 8.7 7.1 1 

Atropine 2xlo-4 13.1 18~ 0 16.5 5·4 8.8 6.9 

Atropine 10-3 14·3 19.0 17 .. 3 5.0 8.3 6.8 

Hyoscine 2xlo-4 11.8 16.9 - 5.3 8.6 .. 
10-3 

1 

Hyoscine 13.5 17.5 - 5.1 8.2 - 1 

1 

Experimental conditions as in Table I. Incubation timeg 30 minutes. 

Resulta represent mean values obtained from at least 3 experimenta. 

* 32 Incorporation of P expressed as in Table I. 
..... 
0 
()) . 



TABLE XVII 

EFFECT OF TUBOCURARINE ON THE STIMULATED INCORPORATION OF p32 INTO PHOSPHOLIPIDS 

OR BRAIN SLICES IN RESPONSE TO O.lM K+ OR ACETYLCHOLINE 

Incorporation of p;2 Oxy,en uptake 1 
1 

Tubocurarine Incubation into EhosEholiEids (~l_ms. dr:l wt.~ 
1 

con en. time Control +A Ch % stimulation Control +A Ch 1 (M) (min.) 

0 29.1 44.0 51 19.2 19.9 
2x1o_5 

1 

30.4 43.6 44 19.6 19.3 
lo-4 120 27.0 41.5 54 19.4 19.9 
5xlo-4 30.9 44.8 45 19.1 20.7 
10-3 29.4 42.0 43 19.4 18.6 

Control +.KCil(O.lM~ ~ Control +KCl(O.lM~ 

0 13.0 20.7 59 4.9 8.7 
lo-4 30 13 .. 4 21.0 57 5.0 8.9 
10-3 14.5 21.8 50 4.6 8.4 

~---- -- ~--------

Experimental conditions as in Table I. Acetylcholine 2 ~ was added with eserine JxlO-~. 
Results represent mean values obtained from at least 2 experimenta. 
*Incorporation of p32 expressed as in Table I. ~ 

0 
-..() 
• 
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inh1bitors on the st1mulated p32 incorporation have been 

investigated. The results definitely indicate thnt the 

stimulations produced by cations or acetylcholine are much 

more sensitive to the presence of metabolic inhibitors than 

are the unstimulated phenornena. The present results on the 

inhibition of the potassium-stimulated respiration and of 

the labelling of phospholipids in unstimulated slices are 

in general agreement with earlier studies (119,121,122,123, 

210,lo4,179). 

In the interpretation of the results obtained in 

studies of the effects of malonate on the normal and potas­

sium (or calcium-free) stimulated i~corporat1on of p32, the 

finding of Quastel et ~· (206) that malonate is a highly 

effective inhibitor of the oxidation of succinate in brain 

slices must be taken into consideration. This ability of 

malonate to compete with succinate for the enzyme succinic 

debydrogenase makes it an effective inhibitor of the citric 

acid cycle. The inhibition of the incorporation of p32 

into phospholipids in the normal and potë.ssiurn-stimulated 

brain cortex slices by 5 rru-1 r1alonate is therefore due to 

the lowered availability of oxaloacetate required for the 

n:etabolism of PYT".:vate through the ci tric acid cycle. This 

results in a decreased for~ation of the energy-rich phos­

phate compounds essential for the labelling ru1d synthesis 
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of phospho1ip1ds. This point is i11ustrated by the ob-

servation of Parmar and OUaste1 (121) that the inhibition 

by malonate of the potass1um-stirnu1ated respiration could 

be reversed by the addition of oxaloacetate. The finding 

that a lmi concentration of malonate (2 ~1) does not signi­

ficantly affect the labelling of phospholipids in unsti­

mulated tissue implies that succinic dehydrogenase is not 

greatly inhibited at this concentration. 

However, the larger inhibition of p32 incorpor­

ation in K• - stimulated tissue caused by low and high con­

centration of malonate may not only be the result of the 

suppression of oxaloacetate formation; the condensation of 

oxaloacetate with acetyl-CoA being probably increased in the 

K4 - stimulated tissue due to the increased formation of 

acetyl-CoA (138). It is not unreasonable to believe that 

the increased inhibitory effect of malonate in stimulated 

tissue may equally well be the consequence of an increased 

depletion of ATP caused by the additive effects of 100 mM 

K• ions (or ca•4 -free) and by malonate (or other inhibitors). 

It was shawn in the first chapter that the addition of 

100 ~ K• ions (or omission of ca••) brings about a 20 per 

cent decrease in the level of 7 mnp. (ATP). It seems 

likely, therefore, that a tissue which is already being 

depleted of its energy-rich phosphate compounds t o a certain 
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extent will respond more drastically to a concomittant 

blocking of the formation of these compounds. The ad-

ditive effect of the cationic depletion of ATP and the in­

hibition of ATP synthesis by malonate would result in a very 

low level of ATP in the tissue, resulting in a striking 

inhibition of p32 incorporation into phospholipids as well 

as of oxygen consumption. In fact, the p32 incorporation 

in the cationic-stimulated slices in the presence of 5 ~ 

malonate was of the same order as th~t obtained in the com­

plete absence of energy producing substrates (Table V). 

This bypothesis is further supported by the observation of 

Kini and Quaste1 (138) that the increased rate of formation 

of radioactive g1utamine from glucose-U-cl4, due to added 

100 .!!!!:1 K• ions, is rnuch :more inhibited by malonate than the 

normal rate. 

The decrease of the acetylcholine-stimu1ated 

p3 2 incorporation by the addition of malonnte 1llustrates 

the ATP requirernent of the acetylcholine effect. If the 

hypothesis of Hokin and Hokin (52) is correct that the 

phospholipid eff~ct in response to acetylcholine is con­

nected with the transport of na• ions during the recovery 

process following depolarization, although the mechanism 

by which this phenomenon is occurring is stil1 at ~resent 

obscure, the ma1onate inhibitory effect can be tentative1y 
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e:xplained. According to Hokin and Hokin (51), phospha-

tidic acid carries Ha"' ions across the membrane and is 

involved in a cycle where it is hydrolized to diglyceride 

by phosphatidic acid phosphatase and subsequently resyn­

thesized through a diglyceride kinase which catalyses the 

reaction between ATP and the diglyceride. An increased 

activity of this cycle results in an increased turnover of 

p32 into phosphatidic acid. Therefore, an inhibition of 

ATP formation by malonate would result in an inhibition of 

the above cycle with a concomittant decrease in the acetyl-

choline stimulatory effect. Another possible explanation 

for the inhibitory effect of malonate arises from the con­

clusion of Keynes (188) that metabolic energy is necessary 

to drive the recovery process and therefore to maintain a 

high potassium low sodium level inside the cell. The de-

pletion of energy-rich phosphates would thus cause an in­

hibition of this phenomenon with a concomittant decrease in 

the acetylcholine-effect due to its depolarizing property. 

The finding that the acetylcholine-stimulated incorporation 

of p32 is less sensitive to the inhibitory effect of mal­

onate (or other inhibitors) than the cationic stimul~tion 

could be explained by the fact that the acetylcholine effect 

is not accompanied by a concomittant fall in the level of 

7mnp. (ATP) (Table XXI), contrary to what is observed with 
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the addition of 100 ~ K~ or the omission of ca++ ions 

(Table II). 

The presence of iodoacetate or fluoride exercises 

a considerable inhibitory effect on the incorporation of 

p32 into phospholipids in the normal brain cortex slices, 

while in the stimul&ted slices these compounds cause an 

even greater inhibition. They also abolish the response 

of brain slice to acetylcholine. These effects are pro-

bably due to the inhibitory action of iodoacetate and flua­

ride on the glycolytic cycle causing a depletion of high­

energy phosphate compounds, resulting in effects similar to 

those observed with malonate. 

The results obtained with arnytal and chloretone 

illustrate the interference of these narcotics with ATP 

synthesis in the brain. Earlier studies demonstrated the 

inhibitory effect of these narcotics on ATP dependent pro­

cesses such as acetylcholine synthesis (214), p32 incor­

poration into phospholipids (104) or pbosphoproteins (215) 

and glutamine synthesis (130). It has been ,.;ell estab-

lished that amytal is a highly effective inhibitor of the 

oxida ti on of DPIJH and i ts as soci a ted phosphoryla ti on ( 216). 

It therefore appears likely that in the potassium-stimulated 

tissue, where the operation of the citric acid cycle is 

enhanced ar..d the level of ATP (7nmp.) diminished, the pr e-
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sence of narcotics is bound to exercise larger inhibition 

of phospholipid 1abelling than in the unstimulated tissue. 

The inhibitory effect of high concentrations of 

ethanol on the unstimulnted p32 incorporation and of low 

concentrations on the stimulated p32 incorporation indicate 

the interference of this compound "Ti th the metabolism of 

energy-rich phosphates. This observation is in agreement 

with the finding of Lindan et al. -.-- (217) that ethanol at 

narcotic concentrations inhibits glycine incorporation into 

brain proteins. Ethanol has also been shawn to inhibit the 

K•-stimulated formation of radioactive glutamine from glu­

cose -u-cl4 (128,218). 

It was round that atropine abolishes the acetyl­

choline-stirnulated ?32 incorporation into phospholipids, 

whereas the potassium-stimulated incorporation or oxygen 

uptalŒ was not affec ted. The lack of effect of atropine 

on the potassium-stimulated respiration is in agreement with 

the earlier finding of Hcilwain (219) who also reported that 

the electrical stimulation of oxygen uptake is alrnost corn-

p1etely abo1ished by atropine. The results with atropine 

su~gest that a1though lOO mtl K~ ions (or ca••-free) and 

acetylcholine produce an ana1ogous effect on the incorpor­

ation of p32 into the phospholipids, the cationic stimul­

atory effect is not a consequence of the participation of 
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the acetylcholine system. This latter hypothesis bad 

arisen from the observations that the addition of potassium 

ions or the omission of calcium ions from the incubation 

medium stimulates the acetylcholine synthesis in brain 

slices (124,125). Therefore, atropine (or hyoscine) a 

highly specifie pharmacological antagonist of acetylcholine, 

should have abolished not only the acetylcholine-stimulated 

incorporation of p32 into phospholipids but also the cationic 

stirnulated incorporation. A further point of interest 

arises from the results obtained with atropine. They con­

firm and emphasize the existence of an uncornmon dissimil­

arity between the cationic and electrical impuls~properties. 

The lack of effect of tubocurarine on the acetyl­

choline stimulation was sornewhat surprising and is dif­

ficul t to exp lain in vie\'1 of the well known antagonism 

between these two compounds. Perhaps this may be due to 

lovT permeability of the slices to tuboc';rarine. 

8urrJIHlry 

1. The action of some typical inhibitors of the 

respiratory and glycolytic cycles have been investi­

gated. Addition of malonate, iodoacetate or fluoride 

brings about decreases in the labelling of phospho­

lipids. In the presence of 100 !! KCl or omission 
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of CaCl2, the inhibitory effect of these agents is 

1arger and brings the rate of p32 incorporation to 

the endogenous level. The acetylcholine stimulation 

of p32 incorporation is abolished in the presence of 

these metabolic inhibitors. However, this inhibi­

tory effect is less accentuated than the one observed 

with the cationic stimulation. 

The addition of the narcotics, amytal or chlore­

tone, at concentrations of 0.5 ~ and 2 mw. respec­

tive1y, produces a slight decrease in the labe1ling 

of phospholipids from inorganic p32. The enhanced 

p32 incorporation caused by 100 ~ K• ions or acetyl­

choline is much more sensitive to these narcotics. 

The presence of narcotizing concentrations of 

ethanol bas no effect on the phospholipid labelling 

of unstimulated tissue whereas it inhibits the pot­

assium or acetylcholine-stimulated incorporation. 

4. Atropine abolishes the stimula tory effect of 

acetylcholine on the incorporation of p32 into the 

phospholipids, but does not affect the cationic 

stimu1atory effect. 
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CHAPTER V 

EFFECT OF MORPHINE AND OTHER DRUGS Or ,_\ THE 

INCORPORATION OF p32 INTO PHOSPHOLIPIDS OF BRAIN 

CŒ TEX SLICES 

Introduction 

The biochemical mechanism of action of morphine 

on brain cortex slices has been the subject of a consider-

able amount of study (220, 163). A striking feature tha t 

arises from these earlier studies is the almost complete 

inability of morphine to affect oxidative processes in brain 

1!1 vitro. Morphine has been shawn not to influence the 

oxidation of a number of respiratory substrates (157, 159), 

it does not uncoup1e oxidation from phosphory1ation (160, 

213), and it has no effect on the potassium-stimu1ated oxygen 

consumption of brain cortex s1ices (162, 163). In this 

connection, the effect of morphine differs from that of 

ether narcotic agents which have a marked inhibitory effect 

on energy-dependent processes in vitro. It is believed, 

therefore, that the mode of action of morphine in vitro is 

different from that of barbiturates and ether groups of 

narcotics (154). 

A.number of studies on the incorporation of p32 

into the phospho1ipids of brain slices have revea1ed a very 

interesting phenomenon. Drugs 1ike acetylcholine or atro-
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pine (47), which have no particular effect on tissue 

oxidative metabolism, or tranqu1lizers (108), at concent­

rations which do not affect the oxidative metabo1ism of 

brain, have been shown to stimulate the labe111ng of phos­

pholipids from inorganic p32 in brain slices. Noreover, 

a number of observations (165,166,167,170,171) suggest that 

morphine may interact with the acetylcholine system in brain. 

It was therefore decided to investigate the effect of mor­

phine on the incorporation of p32 into phospholipids of 

brain slices in order to find a biochemica1 process which 

would be influenced by morphine and which could be related 

to the pharmaco1ogical properties of this narcotic. 

Results 

The effect of morphine on the incorporation of p32 into 

phospholipids of brain cortex slices in the presence and 

absence of acetylcholine 

Quastel and Ter.nenbaum (170) have demonstrated 

that morphine competes with acetylcholine for receptor groups 

in leech muscle preparations. It was shown in the previous 

chapters, in agreement with the findings of Hokin and Hokin 

(47), that acetylcholine stimulates the incorporation of P32 

into phospholipids of brain cortex slices. It seemed of 

.,-·_.:::> 
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interest to examine the action of morphine on the acetyl­

choline stimulatory effect, since this phenomenon appears 

to be a direct consequence of acetylcholine action (52). 

The effect of morphine on the incorporation of 

p32 into phospholipids and on the acetylcholine-stimulated 

p32 incorporation are illustrated in Table XVIII. The 

concentration range of morphine is from 0.2 to 10 mY. It 

can be seen that morphine bas no effect on the oxygen uptake 

of brain slices; this observation is in agreement with the 

results of Elliott ~ ~· (159). At low concentrations 

(0.2, 2 mM), no affect is observed on the incorporation of 

p32 into phospholipids. At à higher concentration (5 ~), 
rnorphine .. causes a stimulation of p32 incorporation of ap­

proximately 30 per cent and this enhancement of phospho­

lipid labelling is increased to approximately 48 per cent 

in the presence of 10 ~ morphine. In fact the stimulation 

of p32 incorporation at this latter concentration is of the 

same order as that obtained with 2 mtl acetylcholine. It 

can also be seen that in the presence of 0.2 and 2 mM mor­

phine, the observed stimulation of p32 incorporation by 

acetylcholine is not affected. At higher concentrations 

(5 or 10 ~) the stimulation produced by morphine is ad­

ditive to that produced by acetylcholine resulting in a 

very marked increase in the incorporation of P32 into 



TABLE XVIII 

EFFECT OF MORPHINE ON THE INCORPORATION OF P32 INTO PHOSPHOLIPIDS OF 

RAT BRAIN CORTEX SLICES IN THE ABSENCE AND PRESENCE OF ACETYLCHOLINE 

Morphine Oxygen uptake Incorporation of p~2 
concn. No. of (pl/mg. dry wt./2 hrs.) into phospholipide 
(mM) expts. (Control) Control + ACh 

0 6 19.5 31.3 (lOO) 47.0 (150) 

0.2 2 19.1 )0. 1 ( 97) 48.1 (154) 

2 5 19.8 )2.5 (104) 45-9 (146) 

5 2 19.4 40.8 (130) 53.6 (171) 

10 4 18.0 46.5 (148) 60.4 (193) 
---- - ----- -- - - --- -- ---- - ----- - -- - --- - ---------------------

. 0 i Rat brain cortex slices were incubated at 37 n modified Krebs medium III 
with 10 mM glucose for 2 hours. All vessels contained 20 pc NaH2P32o4. 
Acetylcholine (ACh) 2xl0-3M was added with eserine )xlO-~. 
The figures in parentheses refer to percentages of the nor.mal control value 
without morphine or acetylcholine. 
*Incorporation of p32 expressed as in Table I. 
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phospholipids in the presence of these two compounds. 

These results indicate that morphine exerts a 

similar affect as acetylcholine on the labelling of phos­

pholipids from inorganic p32 and that it does not antagonize 

the stimulatory affect of acetylcholine on this labelling. 

Effect of morphine on the potassium-stimulated incorporation 

of p32 into phospholipids 

It bas been shown previously that morphine bas 

no effect on the uptake of glucose and on the oxygen con­

sumption in potassium-stimulated brain cortex slices (162, 

163). Hmrever, because of the great sensitivity of the 

phospholipid labelling process as observed with metabolic 

inhibitors (Chapter IV), and because of the stirnulatory 

affect produced by morphine on the incorporation of p32 as 

observed above, preliminary studies of the effect of morphine 

on the KT-stimulated incorporation of p32 into phospholipids 

were undertaken. It was observed that 2 or 10 m~1 morphine 

does not inhibit the K•-stimulated incorporation of p32 into 

phospholipids. On the contrary, the K~-stimulated p32 in-

corporation was always further increased by the addition of 

morphine, even at a low concentration such as 2 ~' which 

has no affect on the incorporation of p32 in unstimulated 

tissue. Moreover, this stimulatory effect of morphine 
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appeared to increase with longer periods of incubation. 

These observations prompted further investigations regarding 

the stimulatory effect of morphine on the incorporation of 

p32 into phospholipids of K•-stimulated slices. 

A time course of the effect of 2 ~ morphine on 

the incorporation of p32 into phospholipids of K•-stimulated 

slices was performed. The results are illustrated in 

Figure 5. It can be seen, as previously shown (Fig. 3), 

that the incorporation of p32 in the unstiwllated tissue 

increases with the duration of the incubation period. With 

the addition of 2 ~morphine, the incorporation of p32 is 

not affected. In the K~-stirnulated slices, a rnarked incr-

ease of approximately 60 per cent is obtained after a 30 

minute incubation. The ~-stimulated incorporation of p32 

subsequently decreases with time, and after 2 hours incub­

ation it is negligible. After 3 hours incubation, the p3 2 

incorporation in the presence of 100 mV. K• ions is inhibited 

as compared to the normal p32 incorporation in the control 

medium. 

When 2 Etl morphine is added to the potassium-rich 

medium a striking effect is observed. It appears as if the 

decrease of the K•-stimulated incorporation of p32, which 

occurs with the du~ation of the incuba tion period, is in­

hibited by morphine. Indeed, after a 30 minute incubation 



FIGURE 5 

TIME COURSE OF THE EFFECT OF O:tT 
h THE 

IHCORPORATI ON OF p32 INTO ?HŒ PHCLIPIDS OF BRAIN 

SLICES IH THE PRESEr!CE AND ABSENCE OF 0.1 M KCl 
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Rat brain cortex slices were incubated at 37oc in modified 
Krebs medium III wi th lOmN glue ose an cl 20 p.c.!~ aH2P3204. 
Additions: o, nil; Â, 2m}! morphine; 
• , 0. ll! KCl; .._ , 2W.: morphine and 0 .1}1 KCl. 
Incorporation of p32 into phospholipids expressed as in 
Table I. 



125. 

when the K•-stimulated p32 incorporation is at its maximum 

(60%), the addition of morphine only produces a slight 

sti~ul~tion (10%). After 60 minutes incubation, when the 

K•-stimulated p32 incorporation is decreased to approxi­

mately 30 per cent, the presence of morphine produces a 

total stimulation of 50 per cent. After 2 hours incub-

ation, the K•-stimulated incorporation is negligible. How­

ever, in the presence of morphine a stimulation of approxi­

mately 40 per cent is observed in the labelling of phos­

pholipids. 

The stimulatory effect produced by the addition 

of morphine to K~-stimulated slices was further tested 

t~~ough a concentration range of 0.2 to 10 rn~ and the re-

sults are shown in Table XIX. The emphasis was placed on 

experiments performed after a 2 hour incubation since at 

this time the stimulation of p32 incorporation produced 

by 100 !tl K• ions is not occurring and therefore does not 

interfere with the stimulation produced by morphine. It 

can be seen (Table XIX) that morphine at concentrations of 

0. 2 and 2 IrJ·\ exerts no effect on the incoruora ti on of p32 - ~ 

in the unstimulated tissue. In the presence of 100 ~ 

potassium ions, the addition of 0.2 and 2 ml·~ morphine 

causes stimulations of 17 and 40 per cent respectively. 

With 5 and 10 mt morphine, stimula tions of p32 incorporation 



TABLE XIX 

EFFECT OF MORPHINE ON THE INCORPORATION OF p32 INTO PHOSPHOLIPIDS OF 

BRAIN CORTEX SLICES IN THE PRESENCE AND ABSENCE OF KCl (O.lH) 

Incubation time 60 minutes Incubation time 120 minutes 1 

Morphine 
Incorporation or p;2 
into phospholipids 

Incorporation or p~2 
into phospholipids 

concn. 
{~) No. Control +KC l_ · ( 09 lM) No. Control +KCL (O.lH) ex pt. ex pt. 

0 4 21.0 (lOO) 27.3 (130) 16 30.5 (lOO) 29.4 ( 96) 

0.2 2 20.1 ( 96) 27.8 ( 132) 4 30.8 (101} 35.6 ( 117) 
2 ... 0 4 22.8 {108) 32o0 {152) 13 31 .. 7 { 105) 42.5 {140) 

5oO - - 2 39.9 (131) 48.5 (159) 
10.0 2 28.5 {136) 38.7 (184) 4 45.0 ( 147) 54.0 ( 177) 

-- - · - --- ~~---------- -------· - -- --------------

Rat brain cortex slices were incubated at 37° C in modified Kreb3 medium III 
with glucose 10 mM for the period or time indicated. 
All vessels contained 20 pc.NaH2P32o4. Morphine and KCl O.lM were added as 
indicated. 
The figures in parentheses rerer to percentages or the normal control value 
without morphine and KCl. 
* 32 Incorporation or P expressed as in Table I. 
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of 31 and 47 per cent respectively are obtained in the 

unstimulated tissue and these increments are further in-

creased to 59 and 77 per cent respectively in the K~-sti­

mulated tissue. 

It can also be seen that in experiments carried 

out during a 60 minute incubation period, where the presence 

of 100 ~ K• ions produces a 30 per cent stimulation of the 

incorporation or p32 into phospholipids, the addition of 2 

and 10 ~ morphine further increases this stimulation 

caused by lOO !t K+ ions. However, after a 60 minute in-

cubation period, the stimulatory effect produced by mor­

phine is srnaller than that observed after 120 minutes of 

incubation. 

The effect of various concentrations of morphine 

on the K•-stimulated oxygen consurnption during the experi-

ments described above is shown in Fig. 6. The inability 

of morphine to markedly influence respiratory process even 

at a high concentration (10 ru!;) is clearly illustrated. 

The above results indicate that morphine exerts 

a stimulatory effect on the incorporation of p32 into the 

phospholipids of K+ stimulated slices. Two possible in-

terpretations of this morphine effect arise from the above 

experiments; morphine is either acting directly on the 

labelling of phospholipids in K+ stimulated tissue and the 



FIGURE 6 

TIME COURSE OF THE EFFECT OF HORPHIJJE ON THE 

OXXGEN UPTAKE OF BRATI-J COR TF'11< SLICES IN THE 

PRESENCE AND ABSENCE OF O.lM KCl 
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Ra t bro.in cortex sl ic es Here incubated a t 37°C in modified 
Krebs medium III w1 th lOmll: glucose. 
Ad di ti ons s o, nil; 6. , 2mll: morphine; a , !OmM morphine; 
e 1 ?-:OOmM KCl; .._ , lO()m}: KCl • 2W< morphine; • , lOOmM KCl + 
lUmM morphine. 
Oxygen uptake expressed as -Q02 for the time intervals 
indicated. 
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magnitude of the effect is increasing with time, or morphine 

is acting indirectly, i.e. by impeding the decrease of the 

~-stimulated p32 incorporation itself which occurs with 

time (Fig. 5). Subsequent studies were undertaken in order 

to elucidate this effect of morphine in ~-stimulated slices. 

The effect of eserine on the incorporation of p32 into 

phospholipids in the presence and absence of 100 mH potassium. 

Mann et &• (124) have shown that increasing the 

potassium ion concentration in the medium surro11nding brain 

cortex slices stimulates the rate of acetylcholine syn­

thesis. It is also well established that morphine inhibits 

the hydrolysis of acetylcholine by brain cholinesterase (163, 

165,166). It was thought that the stimulatory effect of 

morphine in the presence of 100 ~ potassium ions could be 

the result of an acetylcholine effect, resulting from an 

increased synthesis of acetylcholine due to potassium ions 

and from the inhibition of cholinesterase by morphine. In 

!act, the morphine stimulatory phenomenon in K•-stimulated 

tissue possesses sorne characteristics of the acetylcholine 

effect. 2 ~ morphine, like acetylcholine, causes a small 

but consistent increase in oxygen uptake in K•-stimulated 

tissue (Fig. 6) and the magnitude of the morphine stimu­

latory effect on p32 incorporation gradually increases with 
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time in a manner similar to the stimulation produced by 

acetylcholine (47). 

In view of these considerations, the effect of 

eserine, a typical anticholinesterase drug, on the incor­

poration of p32 into phospholipids of K+-stimulated sl1ces 

was studied. The re sul ts are shown in Table xx. It can 

be seen that eserine (0.15 to 5 mM) has no effect either 

on the unst1mulated or stimulated oxygen uptake of brain 

cortex slices. At concentrations of 1.5 and 5 ~t eserine 

stimulates the incorporation of p3 2 1nto phospholip1ds by 

approximately 20 per cent. In ·the presence of 100 B'Q:! K• 

ions, contrary to what is observed with morphine, eserine 

does not produce a further increase in phospholipid label-

ling. These results suggest that the stimulatory effect 

of morphine in the presence of lOO mM K• ions does not occur -
according to the hypothesis postulated above in the first 

paragraph. 

The effect of morphine on the concentration of 7-minute 

nucleotide phosphate 

In v1ew of the negative results obtained with 

eserine, it was decided to determine if the stirnulatory 

effect of morphine in the presence of lOO ~ K• ions might 

not be the result of an inhibition of the decrease of the 



TABLE XX 

EFFECT OF ESERINE ON THE INCORPORATION OF p32 INTO PHOSPHOLIPIDS OF 

BRAIN CORTEX SLICES IN THE PRESENCE AND ABSENCE OF KCl (O.lM) 

Es erine Incorporation of P?2 Oxygen uptake 
Expt. into phospholipidsw (pl/mg. dry weight/2 bours) 

No. concn. 
{mM) Control + KCl (O.lM) Control + KCl (O. lM) 

- 32.4 (lOO} 34.0 {105) 19.8 25.1 
0.15 J4.0 (105) 33.5 (103) 19.5 24-3 

1 1.5 40.1 {124) 38.7 { 120) 18.6 26.0 
5.0 39.3 { 121) 41.0 ( 126) 18.0 27.3 

- 29.1 (lOO) 27.8 { 95) 19.4 24-5 
0.15 30.4 (104) 29.3 (101) 19.6 25.3 

2 1.5 34.6 (119) 32.0 (llO) 19.0 25.4 
s.o 36.1 ( 124) 33.9 (116) 18.4 26.7 

Rat brain cortex slices vere incubated for 2 hours as described in Table XIX. 
Eserine and KCl O.lM were added as indicated. 

1 

The figures in parentheses refer to percentages of the normal control value with­
out eserine and KCl. 
*Incorporation of p32 expressed as in Table I. 

1-' 
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potassiurn-stirnulated p32 incorporation, since the morphine 

stimulation increases when the potassium stimulation de-

creases (Fig. 5). It was shown in the first chapter thnt 

the decrease in the potassium-stirnulated p32 incorporation, 

which occurs with the duration of the incubation period, 

is accornpanied by a concomitant decrease in the concentration 

of 7-minute nucleotide phosphate. It was, therefore, of 

interest to study the affect of morphine on the level of 

7-minute nucleotide phosphate in order to see if the mor­

phine stimulatory affect in K~-stimulated slices was the 

result of an increased level of 7mnp. 

The results in Table XXI show that 2 mM morphine 

has no effect on the concentration of 7rnnr. in the unsti­

mulated tissue. When the 7mnp. level is decreased by ap­

proximately 35 per cent in the presence of lOO mM K~ ions 

after 2 hours incubation, the addition of morphine does not 

produce any change in the level of 7-minute nucleotide 

phosphate. Table XXI also shows the affect of 2 mM acetyl­

choline on the level of 7-minute nucleotide phosphate. 

This compound has no effect. 

p32 incorporation into phospholipids of brain slices from 

morphine-treated rats 

The affect of morphine on the incorporation of 



TABLE XXI 

EFFECT OF MORPHINE ON THE LEVEL OF 7 MINUTE NUCLEOTIDE PHOSPHATE IN 

RAT BRAIN CORTEX SLICES 

7~inute nucleotide phosphate 

Additions 
(pmoles/g. wet weight tissue) 

Expto 1 Expt. 2 Expt. 3 MEAN 

Nil 1.5 1.68 1.55 1.58 

Morphine 2 l1lM 1.64 1.5 1.73 1.62 

Morphine 5 mM 1.48 - - -
KCl 100 mM . 1.0 1.2 1.04 1.08 

KCl lOO mM + Morphine 2 mM 1.12 1.21 1.15 1.16 

KCl lOO mM + Morphine 5 mM 0.95 - - -
Acetylcholine 2 mM 1.52 1.57 1.68 1.59 

L___ --------- L...___ _____ 

Experimental conditions as described in Table XIX. 

Incubation time 2 hours. 
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p32 into phospholipids of K~-stimulated tissue was also 

investigated with brain cortex slices from male rats which 

had been treated with progressively increasing doses of 

morphine for 10 days. The results of three experiments 

are shown in Table XXII. There is no significant dif­

ference between the p32 incorporation into phospholipids in 

either unstimulated or K~-stimulated slices of morphine 

treated rats and that of control rats. 

The effect of nalorphine on the incorporation of p32 into 

phospholipids of brain slices in the presence and absence 

or 0.1 M KCl. 

Nalorphine, whose chernical structure is closely 

akin to that of morphine, has the ability of antagonizing 

many of the pharmacological properties of morphine (220, 

221). It was of interest to investigate the action of 

nalorphine on the ~orphine stirnulatory effect in K•-stimulated 

tissue. 

Results given in Table XXIII show that the ad­

dition of nalorphine at concentrations of 0.5 and 2 mM 

exerts no effect on the incorpora tion of r 32 into phospho-

lipids of normal brain slices. With the ~-stimulated 

slices, after 2 hours incubation, nalorphine (0.5, ~) 

stimulates the i ncorporation of ~32 by approxima tely 15 and 
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TABLE XXII 

THE EFFECT OF MORPHINE ON THE INCORPORATION OF p32 

INTO PHOSPHOLIPIDS OF K+~STIMULATED BRAIN SLICES FROM 

NORMAL AND MORPHINE-TREATED RATS 

Morphine Incorporation of p;2 
added Ex pt. to into phospholipide 

vesse la Control +KCl lOO mM 
(~) -

1 Normal rats - 28.1 26.2 
2 29.8 40.6 

Morphine-treatf;ld rats - 31.4 31.6 
2 30.2 43.0 

2 Normal rats - 34.6 35-4 
2 37.0 46.4 

Morphine-treated rats - 32.8 33.5 
2 35-7 41 ~ j : 

3 Normal rats - 30.5 29.3 
2 31.9 45.3 

Morphine-treated rats - 31.2 32.8 
2 33.6 41.0 

Mean Normal rats .;4 31.1 ( 100) 30. 3 ( 97) 
2 32.9 (106)44.1 (1.42) 

Morphine-treated rats - 31.8 (102)32.6 (105) 
2 ··; )j. 8 (108)43.8 (1.40) 

Brain cortex slices from normal or morphine treated rats were 
incubated in modified Krebs medium III with glucose 10 mM, 
NaH2p32o4 20pc, KCl lOO ~, and morphine 2 mM as indicated 
for 2 hours. 
Figures in parentheses refer to per cent of the control medium 
(normal rats without added KCl or morphine). 
*Incorporation of p32 expressed as in Table I. 



TABLE XXIII 

EFFECT OF NALORPHINE ON THE INCORPORATION OF p32 INTO PHOSPHO­

LIPIDS OF BRAIN CORTEX SLICES IN THE PRESENCE AND ABSENCE OF 

O.lM KCl AND 2 mM MORPHINE 

Additions Incorporation of p;2 
Expt. Morphine Nalorphine into EhosEholiEids 

(mM) (mM) Control + KCl (lOO mM) 

- - 33.1 (lOO} 30.5 (92) 
2 - 34.2 (103) 44-5 (134) 

I - 0.5 30.0 (91) 37-4 (113) 

- 2 31.1 ( 94) 47.0 ( 142) 
2 2 36.0 (109) 52.9 ( 160) 

- - 35.4 (lOO) 34· 9 ( 98) 
2 - 34.3 ( 97) 48.8 ( 138) 

II - 0.5 37.0 ( 105) 42·5 (120) 
- 2 35.6 (lOO) 51.6 <146) 
2 2 39.8 (113) 58.4 (165) 

Rat brain cortex slices were incubated for 2 hours as indicated in 
Table XIX. Morphine, nalorphine and KCl were added as indicated. 
The figures in parentheses refer to percentages of the normal control 
value without any additions. 
*Incorporation of p32 expressed as in Table I. 
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45 per cent in a manner parallel to the stimul<ltion brought 

about by the addition of morphine. When 2 m.H mornhine - . 
and 2 mM nalorphine are added together a small increase in 

the incorporation of p32 into phospholipids of unstimulated 

tissue is observed. In the presence of 100 mM KT ions, 

the addition of 2 ~morphine and 2 mtl nalorphine produces 

a marked increase in the labelling of the phospholipids. 

This increase is greater than the individual increase due 

to morphine or nalorphine alone. These rPsults indicate 

that nalorphine produces an effect similar to that of mor­

phine on the incorporation of p3 2· in K•-stirnulated tissue, 

and that it does not have an antagonistic effect on the 

latter stimulation •. 

The effect of tofrar.il on the incorporation of p32 into 

phospholipids 

Abadom et al (222) demonstrated that the bio-

chernical effects or tofranil on mitochondrial and tissue 

metabolism are similar to those produced by chlorpromazine 

although the pharmacological properties of these drugs are 

different. It hns been shown by Hagee et al (108) that 

the addition of chlorpromazine, at a concentration of 10-~, 

to slices of guinea-pig brain produces an increased label-

ling of phospholipids from inorganic p32. It was of 
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interest to investigate in a parallel manner the effect of 

tofranil on the incorporation of p32 into phospholipids. 

Table XXIV shows the results of two experiments 

performed with various concentrations of tofranil. It can 

be seen that at low concentrations (0.05, 0.1 ~) tofranil 

has only a slight inhibitory effect on the oxyeen consurnp­

tion of slices whereas 0.5 mM tofranil strongly inhibits 

the oxygen uptake, in agreement with the results of Abadom 

et!! (222). However, although the addition of 0.05 or 

0.1 mM tofranil does not affect significantly the respir­

ation of brain slices, increases of 39 and 70 per cent 

respectively on the incorporation of p32 are observed at 

these concentrations. Along with the inhibition of oxygen 

uptake, o. 5 !!!tl tofranil exerts a mG.rked inhi bi tory effec t 

on the labe1ling of phospho11pids. 

DISCUSSION 

The resu1ts described in this chapter definitely 

indicate, in accordance with previous conclusions (157,159, 

160,162,163,213), that morphine does not affect the oxi­

dative rr.etabolism of brain cortex slices. The incorporation 

of p32 into phospholipids, which depends on an adequate 

phosphorylating mechanism within the slices (104) is not 

inhibited in the presence of high concentra tions of morphine. 



TABLE XXIV 

EFFECT OF TOFRANIL ON THE INCORPORATION OF p32 INTO PHOSPHOLIPIDS OF RAT BRAIN 

CORTEX SLICES 

To1'ran11 Experiment 1 Experiment 2 %Mean 
of concn. 

ox{~n Inco~oration % of Ox{gen Incor~oration % of tofran1 
(~) up e of p3 into * control up ake of P3 into * control eftect 

phosphol1p1ds phospholipids 

0 19.8 28.4 100 19.2 30.1 100 100 

0.05 19.1 40.0 141 19.0 40.9 136 139 

0.1 18.3 46.9 165 18.6 52.5 175 170 

0.5 12.1 11.3 · · 40 10.7 10.6 35 31 
-·-

Rat brain cortex slices were incubated in modified Krebs medium III with .glucose 10 mM, 
NaH2p32o4, 20 pc. and tofranil for 2 hours. --
Oxygen uptake expressed as pl/mg. dry wt./2 hours. 
*Incorporation of p32 expressed as in Table I. 

..... 
\..r.) 

...c 
• 



140. 

With the potassium-stimulated brain s1ices, which were shown 

in the previous chapter to be rnuch more se nsitive to narco­

tics than the unstimulated tissue, the addition of morphine 

does not exert any inhibitory effect. This inabi1ity of 

morphine, even at a concentration of 10 mM, to inhibit the 

potassium-stimulP.ted oxygen consurnption and the incorpor­

ation of p32 into phospholipids is in sharp contrast to its 

effect on the electrica11y stimulated oxygen uptake. Bell 

(164) bas reported that the increased oxygen consuœption 

and lactic acid formation associated with e1ectrica1 stimu­

lation is inhibited by 1 mM morphine, a concentration which 

is without effect upon unstirnulated tissue. In this con-

nection, the results obtained above with morphine are of 

particular interest in that they i11ustrate a m2rked dif­

ference between the potassium and electrical stimulation 

phenornena which have always been c1osely associatcd (35,20). 

A striking feature which arises from the present 

results is the stimulatory property of morphine on the in­

corporation of p32 into phospholipids of unstimulated and 

potassium-stirnulated slices a1though the concentration of 

morphine required to produce such an effect is quite high. 

The stirnulatory effect of 10 ~ morphine on the phospho­

lipid labelling is sornewhat similar to that of acetylcholine, 

and its effect is additive to that produced by acetylcholine. 
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This ~orphine behavior resembles that of hir,h concentrations 

of atropine (lo-3 - 10-2M) which stimulate the incorporation 

of p32 and do not completely aholish the acetylcholine 

stimulatory effect on phospholipid labelline (47). How­

ever, in contrast with atropine, low concentrations of 

~orphine have no inhibitory effect on the acetylcholine 

stinulation. 

The results on the effect of rr.orphine on the i n­

corporation of p32 into phospholipids in potassiurr.-stimu­

lated slices reveal the peculiarity of the drug in being 

much more sensitive under these conditions. Horeover, 

the stimulatory effect of morphine a~pears to increase con­

comitantly with the decrease of the ~otassium stimulDtion 

with time. It seems likely that the rr.orJhine effect is 

grRdually increasing with tirne and is not the result of an 

inhibition of the decrease of the potassium-stimulated p32 

incorporation,since the oxygen consumption and 7-minute 

nucleotide phosphate concentration are not significantly 

affected by morphine in K•-stimulated tissue. The acetyl-

choline stimulation of p3? incorporation has been reported 

to increase by onl y 12 per cent during one hour incubation 

as comp~red to 68 and 82 per cent during two and three hour 

incubations, respectively (47). The fact that the 7-

minute nucleotide phospha t e concentra tion a.s well a s the 
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oxygen uptnke are not affected by either morphine or ace­

tylcholine, suggests that the mechanism of action of these 

two compounos on the labelling of phos~holipids from in­

organic p32 may be analogous. 

The results obtained with eserine on the incor­

poration of p32 into phospholipids wi th !)Otassium-stimulated 

slices are in good agreerr.ent with the previous findines on 

the effect of atropine on the incorporation of p32 into 

phospholipids of K•-stirr.ulated tissue (Table XVI). The se 

resul ts clearly sup:gest th<·t the effect of lOO mM K"" ions 

on the incorporation of p32 into phospholipiàs is not secon­

dary to an acetylcholine effect following the stimulation 

of acetylcholine synthesis by potassium ions (124). If 

this had been the case, eserine and atropine should have 

activated and irihibited respectively the incornoration of 

p32 into phospholipids in the presence of 100 m'V, K• ions, 

since they respectively sunport and inhibit the stimulation 

of p32 incorporation produced by acetylcholine in brain 

sJices (47). This does not mean th2t the addition of 

potassium ions to the medium does not stimulate the acetyl­

choline synthesis in brain slices, but th~t the stimulation 

of p32 incorporation into phospholipids by 100 ~ K"" ions 

is caused by a different factor and not by acetylcholine. 

The results obtained with nalorphine indicate 
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that this compound is producing an effect similar to that 

of morphine on the incorporation of p32 into phospholipids 

and that it is not antagonizine the stirr.ulatory effect of 

morphine but together with morphlne produces an additive 

effect. This analogous and additive effect of nalorphine 

and of morphine in vitro is in agreement with earlier re­

sults (163) showing that morphine and nalorphine respectively 

inhibit cholinesterase and that the combined effects of 

these two drugs are additivee The above fir.dines with 

nalorphine sugge s t thnt the morphine effect on p32 incor-

poration bas no pharmacological significance. This con-

clusion is further supported by the experiments ~erformed 

with morphine-treated rats in which no effect is ohserved 

on the incorporation of p32 into phospholipids. These 

negative results with rr:orphine-treated rats are not sur­

prising if one considers the concentration of morphine found 

in the brains of animals followine adrr inistra tion of non-

fatal doses of the drug. Mi l l er and Elliott (223) fmmd 

a concentration of anproximately 0.001 - 0.002 ~ r~orphine 

in rat brain after a dose of 5 mg./kg . In the present 

study, concentra tions of rr orphi ne larger than 0.2 tJ'I}' are 

necessary to produce an effect on the incor~oration of p32 

into K•-stimulated brain slices . 

The sti:mulatory effect of t ofrani l on the in-
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corporation of p32 into phospholipids at low concentrations 

is analogous to that reported for chlorprornazine (108). 

These results are in agreement with the findines of Abadom 

et al (222) who dernonstrated thnt tofranil exerts similar 

effects to those of chlorpromazine in inhibiting oxygen 

consumption, the uptake and incorporation of glycine-l-c14 

in brain cortex slices as well as in uncoupling oxidation 

from phosphorylation .. The results obtained with tofranil 

are of particular interest since they illustrate the sti­

mulatory effect of another compound on the i ncorporation of 

p32 into phospholipids without stimulating the oxidative 

metabolism qf the brain slices. As previously rr.entioned, 

acetylcholine and atropine (47), chlorprornazine and azacy­

clonol (108), ouaba in (224), digitoxin ( 225), morphine and 

nalorphine, all produce similar effects. 

It may be concluded from the present study that 

rr.orphine, nalorphine and tofranil exert a strong stirnul­

atory effect on the incorporation of p3 2 into phospholipids 

of brain cortex slices without affecting the f actors which 

usually govern the i ncorporation of p32 into phospholipids. 

In this connection, their effect on the phospholipid label­

ling is very similar to that ~roduced by acetyl choline which 

is being thoroughly investigated at the nresent time and 

which appears to be i nvolved in ion trensport ( 51 .52). 



SUMMARY 

1. Horphine does not significant1y affect the 

normal or the potassium-stimulated oxygen uptnke of 

rat brain cortex slices at concentrations ranging 

from 0.2 to 10 EM· 
2. Morphine does not affect the incorporation of 

3. 

r32 into phospholipids of brain slices at low con­

centra ti ons ( 0. 2 - 2 El!::1). There is, hovTever, a 

marked stimulation of p32 incorporation produced by 

morphine at concentrations of 5 and 10 mM. 

Morphine does not significantly affect the sti-

mulation of p32 incorporation into ~hospholipids 

caused by 2 mtl acetylcholine. 

4. In the presence of 100 mM potassium ions, mor-

phine does not inhibit the stirnulated p32 incorpor­

ation. On the contrary, it exerts a slirht stimu­

latory effect which is additive to the potassium 

stimulation. The stimulatory effect of morphine 

increases with the durntion of the incubation period, 

while the stimulatory effect produced by 100 ffiM 

potassium ions decrcases vri th tirne. 

Eserine exerts a smnll stimulation on the in­

corporation of P32 into phospholi~ids of unsti~ulated 

slices. In the presence of 100 mtl potas sium ions, 



6. 

7. 

8. 
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after 2 hours incubation, eserine does not produce 

a different effect, contrary to what is observed 

with morphine. 

Morphine has no effect on the level of 7-minute 

nucleotide phosphate either in unstimulated or in 

potassium-stimulated brain slices. 

Nalornhine (2 mM) has no effect on the incor-. -
poration of p32 into phospholipids of unstirnulated 

slic es. In the presence of 100 mM potassium ions, 

nalorphine exerts a stimulatory effect on the in­

corporation of p3 2 sir.dlur to that produced by 

morphine. Hmrever, nalorphine does not antagonize 

the stimulatory effect produced by mo~~hine. 

Tofranil at lov.r concentrations exerts a 

stimulatory effect on the incorporation of p32 into 

phospholipids of brain slices whereas at higher 

concentrations it causes an inhibition. 



CHAPTER VI 

GENERAL DISCUSSION 

Sine e the establishment of the various pa th\·rays 

of phospholipid synthesis in brain, one of the principal 

fields of interest has been the elucidation of the functions 

of phospholipids in living organisms. There are an j_n-

creasine number of observations which sugeest that phospho­

lipids may play sorne role in ion transport (41 - 46, ?1, ?2, 

6). The cationic stimulation of p32 incorporation into 

phospholipids, observed in the present and previous studies 

(201, 134), may sirnply be looked upon as a relationship 

between alterations of the G~teral oxidative metabolism of 

the brain slices and the incorporation of p32 into phospho­

lipids, "'rhich is clos ely linkr;d to the forrr.er me chanism. 

Hovrever, a nuœber of facts suggest that i t is not unreasonable 

to think that the cationic stiœulated p32 incorporation into 

phospholipids is conc erned \·Tith the ionie mover.:ent at the 

cell membrane and implicated in ion transport. 

The main feature s wLich arise from the present 

work is the similari ty beh.reen t h e effects of lOO mH potass ium 

ions (or ca· .... · · free medium) and acetylcholine on the in­

corporation of p32 into phosuholipids (Table XXV). Although 

the above substances which stimula te p32 incorporation are 

differ en t , the y appear to be produci ng t heir sti mula tory 
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TABLE XXV 

BIOCHFlHCAL EFFECTS OF O.lH KCl A;~D ACETYLCHOLDŒ 

1. 

2. 

4. 

5. 

6. 

7. 

8. 

9. 

~o. 

~1. 

ON BRAnJ CORTEX JIETABOLISH 

Metabolic Process 

Oxygen uptake vri th glucose or 
pyruvate as the substrate 

Oxygen uptake 1vi th suc c ina te or 
glutamate as the substrate 

Incorporation of p32 into 
phospholipids in presence of 
glucose or pyruvate 

Incorporation of p32 into phos­
pholipids in presence of 
succinate or elutamate 

Incorporation of p32 into phos­
pholipids in presence of ~e 
and malonate or iodoacetate 

Incorporation of p32 into phos­
pholipids in presence of 
glucose and narcotics 

Incorporation of p32 into phos­
pholipids in presence of 
glucose and atropine 

Concentration of 7-minute 
nucleotide phosphate 

Incorporation of p32 into 7-
minute nucleotide phosphate 

Incorporation of p32 into 
phosphatidic acid 

Incorporation of P32 into phos­
pholipids in presence of 
glucose and sodium-free medium 

KCJ., O.lM 

Increased 

No effect 

Increased 

No effect 

Decreased 

Decreased 

No effect 

Decreased 

Increased 

Incre(lsed 
(134) 

Ho effect 

ACh, 2!!!!1 

No effect 

No effect 

Increased 

No effect 

Decreased 

Decreased 

Decreased 

No effect 

Increased 
(67) 

No eff ect 



effect throueh a common biochemical mechanism. 

It was shown that the addition of 100 mM potassium 

ions or the omission of calcium ions from the incubation 

medium causes an increase in the oxygen uptake and an in­

crease in the incorporation of p3 2 into phospholipids and 

7-minute nucleotide phosphate (ATP) after a 30 minute 

incubation period. In vie"~>r of the general belief that 

the incorporation of p32 into the phospholipids is 

dependent upon the supply of energy and is derived from 

ATP32, it appears as logical that the incorporation of p32 

into phospholipids should be increased when the incorpora­

tion of p32 into ATP is also increased, as observed above. 

In this respect, the stimulatory effect produced 

by 100 !!!Y. K+ ior.s (or omission of Ca"',. ions) differs from 

that produced by dinitrophenol (DNP). On the basis of 

the similarity of the effects of excess potassium and DNP 

in increasing the rates of oxygen consumption and glycolysis 

and decreasing the incor~)Qration of p32 into phospholipids 

(after long periods of incubation) of brain slices, the 

suggestion had arisen that potassium ions might uncouple 

oxidation from phosphoryla tion like DNP. Yoshida and 

Nukada (134) demonstrn.ted that DNP, although it stimulates 

the oxygen uptake, inhibits the incorporation of p32 into 

phospholipids even after a 30 minute incubn.tion. Kini 

(218) has also reported that 100 rn~ potassimn ions 
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stimulate the synthesis of glutamine from glucose-u-cl4 

while DNP exercises a definite inhibition on the formation 

of glutamine. 

The depletion of high energy phosphates by the 

addition of 100 mM potassium ions does not appear to be a 

consequence of an uncoupling effect of potassium, but as 

previously postulated (180, 132) may be the result of a 

direct effect of potassium at the cell membrane where it 

is accumulated against a concentration eradient. 

Cationic or acetylcholine stimulation of p32 

incorporation into phospholipids was shovm to occur only 

in the presence of hir,h energy substrates or under conditions 

where the oxidative phosphorylation is nnximum since, under 

circumstances wllere the formation of energy-rich bonds is 

inhibited, the stimulation is also inhibited. ~oreover, 

these two stimulatory phenomena were also shmrn to be 

closely linked to the presence of sodium ions in the medium. 

Yoshida and Nukada (134) have reported that the 

potassium stimulation of p32 incorporation into phospho­

lipids occurs mainly in the phosphatidic acid fraction. 

Similarly, Hokin and Hokin (67) have also shovrn that the 

acetylcholine stimula ti on of p32 incorporation into phos-:­

pholipids takes place in phosphatidic acid and phospho­

inositide. 

Two possible interpretations may be offered for 
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the increased incorporation of p32 into phospholipids in 

response to 100 mM potassium ions. First, i t is possible 

that the increased label ling of phosphatidic acid by the 

addition of 100 ml:l K+ ions is tr.e result of an increased 

de n2.YQ synthe sis of phospha tidic acid through dihydroxy-

acetone phosphate and -<.-glycerol phosphate, due to in-

creased glucose oxidation caused by K+ ions. Hm.rever, the 

fact that pyruvate supports the stimulation of p32 incor­

poration to the san·.e extent as glucose may be cited as 

evidence agains t the above poss ibili ty, sine e this substrate 

does not lead directly to the synthesis of phosphatidic acid 

through dihydroxyacetone phosphate. The same objection 

could be applied to an alternctive route of phosphatidic 

acid formation, previously postulated (65, 67, 68, 226, 6) 

tha t is: 

glucose~----')- glycerol + ATP -~o<.-glycerol phosphate 

~ phosphatidic acid 

Pritchard (132) has also demonstrated that t he incorporation 

of glycerol-l-cl4 into phospholipids of brain slices is 

markedly inhibited in the presence of 65 or 124 m}1 

potassium ions. Al though Pritchard' s experimen ts \vere 

carried out for tvro hours and cannet be compared wi th 30-

minute experiments, his finding that t he incorporation of 

glycerol-l-cl4 is inhibited approx imately 73 pe r cent in 

the presence of 65 mM K+ ions is of interest, since the 
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incor!-Jorati on of p32 under similar conditions is practically 

not affected (131). Nevertheless, subsequent experiments 

are necessary to solve this question une qui vocally. 

The second possible interpretation for the stimu­

lation of p32 incorporation in response to potassium ions 

is tha t the phospholipid effect repr esen ts an inc reased 

turnover of phosphate in preformed phospholipids (or 

phosphatidic acid) and not an increased net synthesis. In 

this respect the glycerol-phosphate bond vrould be cleaved 

and resynthesized. 

It has been sugr,ested (20, 35) thnt the exposure 

of the cells to nn environment v:i th a cationic balance 

different from the normR.l presuma bly affects ionie mov emen ts 

at the nerve cell membrane resultinr, in depolarizntion. 

~cih:ain (126) bas suggested that much of the cellular 

metabolism is directed towards the maintenance of a high 

gradient of potassium be~reen the intracëaular and extra-

cellular comuartments of the tis sue. The presence of 

100 mM potassium ions in tt1e incubation medium would lmver 

this gradient and cause depolarization resulting in the 

entry of sodium in the nerve cell. The me tabolism of 

the cell vrould be dir ected to re-establish this gradient 

by extrusion of sodium ions from the intracellular fluid 

during the recovery process and presumably by concentrating 

pota ssium ions. 
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On the basis of these considerations and by 

analogy with the acetylcholine effect, vmich has been linked 

with the active transport of sodium ions out of the cell 

during the recovery process (51, 52), it is not unreasonable 

to believe that the potassium stimulatory effect on phos­

phatidic acid labelling from inorganic p32 may be the 

result of a similar mechanism. This mechanisrr. would 

therefore irnply, as illustrated by Hokin and Hokin (51) in 

their scheme, that phosphatidic acid is hydrolyzed by 

phosphatidic acid phosphatase and resynthesizPd through a 

diglyceride kinase, resultine in an increased turnover of 

phosphate. In this connection, i t i s no tel..J"orthy to men ti on 

that protoveratrine, which produces similar effects as those 

produced by lOO rn~ potassium ions on brain cortex metabolism 

(227, 139, 218), also stimulates the incorporation of p32 

into phospholipids (218) • It is well known (228) that 

the veratrine alkaloids bring about rnarked changes in ion 

permeability. 

The stimulatory effects of morphine and tofranil, 

as well as that of tranquilizers (108), ouabain (224), 

digitoxin (225), and atropine (47) on the incorporation of 

p32 into phospholipids are characterized by a comrnon factor; 

i.e., the inability of these compounds \{hile producing · 

their stimulatory effect, to affect the oxidative metabolism 

of the brain slices 'YThich governs the incorporation of p32 
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into phospholipids under normal conditions. Quoting 

Rossiter and Strickland (6), the stimulatory effects produced 

by the above drugs may "reflect actions on the enzymes or 

intermediates conc erned \vi th the synthesis of phospholipids." 

The stimulation of p32 incorporation may also be considered 

to involve membrane phospholipids and thus a permeability 

process might be implicated. By analogy with acetylcholine, 

the increased incorporation of p32 may be associated with 

the transport of a specifie cation or substrate across the 

cell membrane. 

In conclusion it may be said that although the 

mechanism of the stimu~. tion of p32 incorporation into 

phospholipids by various agents is still at present obscure, 

the elucidation of this stimulatory phenomenon may vrell 

elucidate the function of phospholiDids in ion transport. 
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CLAIMS TO ORIGDr AL RESEARCH 

1. The ad di ti on of 100 ml-~ notassium or the omis sion of - ~ 

calcium ions from the incubation mediurr. stimulates the 

incorporation of p32 into 7-minute nucleotide phosphate 

of rat brain cortex slices in a manner sirr.ilar to the 

effect produced on oxygen consurnption and phospholipid 

labelline, after a 30 minute incubation period. 

2. The addition of 10 ml-: succinate or 5 rn}' Y-aminobutyric 

acid to rat brain cortex slices rnetabolizing glucose 

does not significantly affect the incorporation of 

p32 into phospholipids v.fter an incubation !Jcriod of 

30 minutes. A marked inhibition of phospholi~id 

la belling is observed in t Le prese.YJ.c e of the se substrates 

after an incuba tion pcriod of 2 hours. 

3. The stimulr·.tion of p32 incorporation into phospholipids 

of brain slices by a Œlciurn-free medium is fou nd to 

occur only \oiith glucose, mannose, fructos e or pyruvate 

as substrates, but not in the presence of glutamate or 

succinate. 

4. The re~oval of sodium chloride from the incuba ti on 

medimn and its r eplacement by choline cbloride exerts 

a.11 inhi bi tory effect on the i nc orporation of p32 

into phospholipid s of brain cortex slices. The 

stimulation of p32 incor ~1oration produced by 2 I!!N 

acetylcholine is not obscrved under these incubati on 

conditior.s unless a minimum arnount of so dium 
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ch1oride is present. In a sodium-free medium, the 

omission of calcium ions produces a stimulation of p3 2 

incorporation into phospholipids. 

5'. The addition of iodoacetate and ethanol blocks the 

stimulation of p32 incorporation into phospho1ipids 

brought about by 100 mM KCl. Simi1ar1y, addition of 

ma1onate, amyta1 and chloretone inhibits the stimulation 

caused by the omission of calcium ions in the incubation 

medium. In the presence of malonate, iodoacetate, 

fluoride and ethanol, the stimulatj_on by acetylcholine 

of p32 incorporation into phospholipids of brain slices 

is abolished. The inhibition produced by these 

substances is greater in the cationic-stimulated than 

in the acetylcholine-stimula ted p32 incorpora ti on. 

6. The addition of various concentrations of atropine or 

hyoscine does not inhibit the cationic-stimulated in­

corporation of p32 into phospholipids. 

7. Tubocurarine, at various concentrations, has no effect 

on the stimula ted incorporation of p32 into phospho1ipids 

of brain slices produced by 100 ~1 KCl or 2 ~~ 

acetylcholine. 

8. The addi tian of morphine at concentra ti ons of 5' and 10 

~ to brain slices stimulates the L~corporation of p32 

into phospholipids. 

9. l·1o rphine has no inhibi to r y effect on the potassium-
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stimulated incorporation of P32 into phospholiplds. 

On the contrary, in the presence of lOO mM potassium 

ions, 2 m~ morphine exerts a smAll stimulation which is 

additive to thf.t produceo by lOO m~r. potassium ions. 

This stimulatory effect proouced by morphine increases 

with the duration of the incubation period, whereas the 

stimulF>tion nroduced by lOO m'11 potassium ions decreases 

"Vith time. 

10. Eserine has no effect on the incorporation of P32 into 

phospholipids of K+-stimulated brain cortex slices after 

an incubation period of 2 hours, contrary to what is 

observ 0. d with morphine. 

11. Morphine has no effect on the decreased level of ?-minute 

nucleotide phosphate of brain cortex slices caused by 

the adoition of 100 m~ potassium ions during an incuba­

tion period of 2 hours. 

12. There is no significant difference in the incorporation of 

P32 into nhospholipids between slices from morphine-treated 

rots and control rats, irrespective of the potassium concen-

tration in the incubation meoium. 

13. Nelorphine stimulates the incorporation of p3 2 into 

rhospholipids of potassium stimule ted brain slices after 

· an incubation period of 2 hours. Nalorphine does not 

antagonize the stimulatory effect of mor phine under 
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ana1ogous experimental conditions. 

14. Tofranil at lmT concentrations exerts a stimulatory 

effect on the incorporation of p32 into phospholipids 

of brain cortex slices, while at high concentration 

it produces an inhibitory effect. 
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