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CHAPTER 1

GEIERAL INTROD!'CTION

For many years, phospholinid has been considered
as perhaps one of the most obscure fields in bilochemistry.
Indeed, although the history 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 almost complete inabllity to penetrate
the enigma surrounding the biological synthesis of the
metabolic function of nhosnholipid. '

During the last two decades, with the development
of refined methods for the separation and isolation of these
compounds, as well as the introduction of isotope tracer
technigues, the elucidation of the mechanisms concerned with
the forrmation of phospholinids has progressed rapidly. 1In a
large part due to the efforts of Kennedy (3, %, 5) and
Rossiter (6), several pathways of phospholipid metabolism
occurring in liver and brain have been elucidated. }oreover,
with the advance in our knowledge of the bilochemistry and
physiology of living organisms, phospholipids appear to be
involved in a multiplicity of functions of the greatest im-
portance. It has becore obvious that thev are associated with
other cell constituents in a wide variety of manners. The
point has nov been reached where the full significance of the
role of phosnholinié 1n biclogy is hecoming more and more

apparent,



PHOSPHOLIPIDS AMD BRAIN MRETABOLISM

1. OCCURREIICE AIND DISTRIRUTION OF PHCSPIOLIPIDS

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-
imately twice as much phospholipid in brain as in liver and
kidney and about three times as much as in heart muscle (7).
Some of the earliest evidence for the occurrence of phospho-
lipids in the brain was 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 Woolley (&) showed that the classically termed "cephalin
fraction" was a mixture of phosphatidyl ethanolamine,
phosphatidyl serine, as well as an 1lnositol-containing
compouncd 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 sphingomyelin have been well
established (9). In addition to the three glycerophosphatides
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 plasmalogen and Ravnport
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et al. (12) ard Debuch (13) have shown that the aldehydogenic
groups in these compounds are attached by a vinyl ether
bond to the of-position of the glycerol moiety.

Several inositol-containing phospholipids seem to
exist in brain, Foleh (1Y%) isolated and partially
characterised a diphosphoinositide which on hydrolysis
yielded fatty acid, glycerol and inositcl metadiphosphate.
Hawthorne and Chargaff (15) reported the presence of inositol
monophosphate in hydrolysates of brain lipids. Horhemmer
et al. (16) succeeded in separating by countercurrent
distribution, the lipids of ox brain into two inositol-
containing fractions. The first of these fractions, when
chromatographed on paper, exhibited the same behaviour as
liver monophosphoinositide. The second i1nositol-containing
fraction was identified as the same brain diphosphoinositide
previously isolated by Folch (1k4). Hokin and Hokin (17),
while studying the effect of acetylcholine on the incorporation
of inositol-2-H3 into the rhosphoinositides of guinea-pig
brain cortex slices, found that the radloactive phospho-
inositide isolated by chromatography, after incubation in
vitro, was a monophosphoinositide., Dittmer and Dawson (18)
have reported recently that brain tissue also contains
triphosphoinositides which are tightly attached to brain
protein.,

Almost half the dry matter of the brain consists



4,
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 were tﬁe
major component of cerebral lipids, with white matter being
richer in phospholipid than the grey matter. Lecithin was
shown 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
other hand, sphingomyelin was the chief phospholipid component
of white matter which is rich in myelinated fibres. Johnson
et al. (22, 23) observed that the lipids in the peripheral
nerves of several animals and man resemble that contained in
the white matter of brain rather than that in the grey matter,
in that they are richer in cholesterol, cerebrosides and
sphingomyelin. Johnson et al. (24) subsequently reported
that these three lipids distinguish the white matter of the
adult brain from that of the brain of the new born infant
where myelination is incomplete. The concentration of these
lipids is also found to decrease in peripheral nerves during
Wallerian degeneration (25). Folch=Pi (26) showed that
during development of the nervous system the concentration
of the various phospholinids increases with age until adult-
hood. Lecithin and phosphatidyl serine increase gradually
in the order to be expected from the gradual increment with

age in the percentage of total solids in nervous tissue.
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However sphinromyelin, nlasmalogen and probably phosphatidyl
ethanolamrine 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 centrifugal fractionation in
isotonic 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.

2e ROLE AND FUNCTION OF PHOSPHOLIPIDS 1IN BRAIN

The demonstration that phospholipids are widespread
in brain has aroused consilderable Speculation on the possible
role and metabolic function of these substances in brain
metabolism, It has long been thought that phospholipids
are essentlally structural components of the cell. However,
contrary to older ideas of their metabolic 1nertness, there

is at present a general inclination to the view that other
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possible functions of the phospholiplds may exist. This has
led Wittecoff (7) to postulate that *""the concept of a
structural function of the phospholipid is acceptable only
when 1t 1s 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 acld cycle intermediates as well as those
responsible for oxidative phosphorylation are known to be
located in the intracellular mitochondrial particles which
are particularly rich in phosnholipids (20). Braganca and
Quastel (29) showed that when small quantities of venom
lecithinase are added to a brain homogenate, 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 al.
(30, 31) observed that when rat brain cortex slices, but not
rat kidney or liver slices, are incubated with heated snake
venom, an initial rise irn the rate of oxygen uptake results,
followed by a sharp decline if the action of phoépholipase A
is prolonged. This result implies that brain cell membranes
contain phospholinid groups that may be attacked by phospho-

lipase A and that the metabolic activities associated with
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the membranes are thus affected. FEssentially identical
results are obtained with mitochondria of brain, liver and
kidney where decreases in the P/0 ratio are also observed
(31). It was therefore concluded by the authors that the
destruction of phospholipid groups in the mitochondrial
structure by phospholipase A results in a complete rupture
of the mitochondria, releasing protein and demonstrating a
concomitant fall in the rate of oxidative phosphorylation.
Other reports (32, 33, 34) that lipids, including in large
part phosprholipids, are associated with the electron
transport system, substantiate this hypothesis and make 1t
very probable that phospholipids are not only essential as
structural elements of the cell but are alsc important for

the maintenance of normal oxidative metabolism (35).

b) Phospholinids and functional activity

Although glucose has always been considered to be
the main source of energy to satisfy the brain requirements
during both resting and activity conditions (20), the
evidence obtained by Geiger and his colleagues with brain
perfusion experiments suggest that phospholipid may play an
important role in maintalning functional activity in brain.

Geiger et al. (36) have shown that in brain, a
number of physiological functions including respiration can
be maintained for over one hour in the complete absence of

glucose durling perfusion experiments. The electrical



activity, oxygen consumption. and endogenous carbohydrate
stores are only slightly below those obtained when glucose

1s present in the perfusing fluid. In subsequent findings,
Abood and Geiger (34) reported that during glucoée-free
perfusion of cat cerebral cortex, there 1s an apprecilable
loss of phospholipids, whereas no charnge occurs in the
presence of glucose, Geiger et al. (38) also observed that
when the brain cortex of narcotized cats is stimulated by
means of the brachial plexus, a decrease in the concentration
of 1lipid nitrogen 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 substfates,
and that lipid metabolism is involved in the process of

activity evoked by stimulation (39, 40).

c) Phospholipids and ion transport

There are a number of observations whieh suggest
that phospholipids may play some role in ion transport in
cerebral tilssues. Large amounts of sodium and potassium
are found associated with the lecithin, cephalin and
sulphatides isolated from brain (41, 42). Moreover the
cations lia*, K*, Ca** and Mg** compete with each other and
can be reversibly displaced from combination with phospho-

lipids (43). This property of phospholipids to form
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lipoid-soluble complexes with cations has prompted the
suggestion that they may be involved as cation carriers at
the nerve cell membrane (44, 45, 46).

Hokiln and lokin in a series of experiments on the
effect of -cholinergic drugs on the rate of turnover of
phospholipids in vitro have shown that acetylcholine
stimulates the turnover of phospholipnids, in particular
phosphoinositide and phosphatidic acid, in slices of guinea
pig cerebral cortex (M4, 17). A similar phenomenon was
observed in slices of adrenal medula (48) and in slices of
various glandular tissues on stimulation of secretion (h9,
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 _
associated with secretory activity and with the transport
of the secretory products out of the cell. In subsequent
experiments with the avian salt gland, Hokin and Eokin (51)
found that acetylcholine, which is the normal secretogogue
of thils tissue, stirmulates 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 hypothetical phosphatidic acid cycle was
suggested by the authors in which phosphatidic acid acts as
a carrier for the active transport of sodium ions out of the

salt-secreting cell (51).
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Hokin and Hokin (52), working with slices of
sympathetic ganglia, nerves and various parts of the cat
and guinea pig brain, recently showed that acetylcholine
stimulates the incorporation of P32 into phosphatidic acid
and phosphoinositide iIn those areas of the brain which
contain cholinergic synapses. 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 transpnort 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 hend, acetylcholine,
which is the synaptic transmitter in sympathetic ganglia,
has been shown to cause depolarization of the post-synaptic
membrane by an increase of membrane permeability to sodium
and potassium ions (55). The process consists of an inward
movement of sodium across the merbrane with an outward move-
ment of potassium during repolarization, and restoration of
the orisinal membrane impermeability to sodium. This is
followed by the active extrusion of sodium from the cell and
by an inward mévement of potassium. In view of this property

of acetylchcline and by analogy with the salt gland results,
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Hokin and Hokin (52) have suggested that the nhospholipid
effect in brain i1s concerned with the active transport of
sodium ions out of the cell across the post-synaptic membrane

of cholinergic neurons during the recovery process.
3. BIOSYINTHESIS OF PHCSPHCLIPIDS IP BRAIN

In recent years, considerable progress has been
made in working out the network of enzymatic reactions
leading to the blosynthesis of phospholipids from simple
precursors. Largely as a result of the work of Kennedy
(4), a rather corplete picture of the metabolic pathways
whereby phospholipids are formed has been developed and is
shown in Figure 1. These reactions were worked out for
the most part using liver enzymes. However, Rossiter and
his colleagues (6) have obtained evidence that the biosynthesis

of phospholipids in brain tissue follows the same pattern.

a) Glveerophosnhatides

Formation of phosphatidic acid. Farly experiments

with brain mitochondria (56) and brain homogenates (56, 57)
incubated with inorganic P32, suggested that phosphatidic

acid 1s an intermediate in the synthesis of glycerobhosphatides.
Thus a large percentage of the radioactivity was recovered

from a fraction identified as phosphatidic acid. Mc'lurray

et al. (56) also reported that the incorporation of P32
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labelled X ~glycerophosnhate (& ~GP) into the phospholipids
of a brain preparation occurs mainly into phosphatidic acid.
The addition of coenzyme A stimulates this incorporation
whereas conditions which prevent the nroduction of ATP
inhibit thé labelling of the phosphatidic acid. These
findirgs prompted the suggestion that phosphatidic acid
is synthesized in brain from o-glycerophosphate and
coenzyme A thiol esters of fatty acid as previously

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

Fatty acid + ATP + CoA — acyl-CoA + AMP + P-P (1)
L-O{-GP + 2 fatty acyl-CoA — L-ckphosphatidic acid + 2CoA (II)

Additional evidence for reaction II has been
provided by Jedeikin and Welnhouse (60) who found that
palmitate-1-Cl% is incorporated into the vhospholinids of
both slices and homogenates of rat brain. The homogenate
system requires the addition of CoA for optimal activity.

A second pathway for the biosynthesis of phospha-
tidic acid apnears to be operative in brain. Hokin and
Hokin (61) have reported that vhosphatidic acid can also be
formed from(#,@ ~diglyceride and ATP, presumably by the
action of a diglyceride kinase. The se authors found that
the incornoration of P32 from ATP32 into phosphatidic acid
of brain microsomes is highly dependent upon the presence of
d,@-diglyceride, a phenorenon very similar to the one pre-

viously observed by Strickland (62).
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The observation thatdg -glycerophosphate is a
precursor of phosphatidic acid has caused speculation on its
pathway of formation in brain. It is well establislied that
o~glycerophosphate can arise from dihydroxyacetone phosphate
formed in glycolysis (reaction III). The enzyme glycero-
phosphate dehydrogenase, wiilch catalyses the reduction of
dihydroxyacetone phosphate toCY-glycerophosphate is present
in brain tissue (63, 64). On the other hand, Bublitz and
Kennedy (65) have isolated from rat liver a glycerokinase
which catalyses the transfer of phosphate from ATP to
glycerol (66) with the formation ofd ~glycerophosphate
(reaction IV). Whether this enzyme is present in brain is
still unknown, The only indication that this reaction may
be operative in brain arises from the finding that glycerol-
l-Clh is incorporated into the phospholipids of rat brain
slices (67, 68).

Dephosphorylation of phosphatidic acid. Following

the observation that the radioactivity of f-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 in brain.

This enzyme removes the phosphate moiety of phosphatidic acid

to form ¢, } -diglyceride a precursor of glycerophosphatides (70):

I- & -phosphatidic acid —D-¢,B-diglyceride  pPi (V)
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This enzyme is therefore responsible for the lack of labelling

of glyceronhosphatides from ¢&/-GP32 by causing the liberation

of radioactive Pi, a phenomenon not observed when Clh
labelled ¢-clycerophosphate is used (69).
Formation of lecithin. In 1958, Berry et al. (71)

found that extracts of acetone-dried powders from brain and
peripheral nerves contain an enzyme similar to the one
described by Wittenberg and Kornberg (72), which is capable

of catalysing the phosphorylation of choline from ATP:
Choline + ATP — ADP « phosphorylcholine (VI)

.This evidence that phosphorylcholine could be formed in brain
led to the suggestion that lecithin is synthesised in brain

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

Phosphorylcholine 4 CTP «— CDP-choline + P-P (VII)
CDP-choline + of ,4-diglyceride v—L-o -lecithin + CMP (VIII)

Thus MecMurray et al. (56) and Rossiter and Strickland (69)
showed that P32 or cl% labelled phosphorylcholine is incor-
porated intoq -lecithin and that the incorporation is highly
dependent upon the nresence of CTP, Furthermore, P32 or

C14 labelled CDP-choline is also incornorated into the
-lecithin fraction of brain preparation and the inéorporation
is stimulated by the addition of ¢,$-dirlyceride (69). It

was tinerefore concluded tkat the nresence in brain of
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phosphorylcholine-citidyl and phosphnorylcholine-glyceride
transferases 1s responsible for the effect observed and that
both reactions VII and VIII are operative in brain.

Phosphatidyl ethanolamine ard phosphatidyl serine.

The pathway for the biological synthesis of phosphatidyl
ethanolamine appears to be analogous to that described for
g-lecithin, Thus liver and brain contain enzymes which are
responsible for the formation of phosnhoryl ethanolamine

(73, 7%), CDP-ethanolamine (70) and phosphatidyl ethanolamine
(69, 70). On the other hand, virtually nothing is known

at present concerning the synthesis of phosphatidyl serine,
either in brain or in other tissues. I'o evidence has yet
been presented for the occurrence of phosphatidyl serine
intermediates similar to those described above for /-lecithin
and phosphatidyl ethanolarine. It would therefore appear
that a different sequence of reactions is involved in the
synthesis of phosphatidyl serine.

Plasmalogen. The enzymatic synthesis of plasmalogen

involves very similar reactions to those of the conventional
glycerophosphatides. Gambal and Yonty (75) have Semonstrated
that a cell-free prenaration from rat brain can incorporate
palmitate-l-clh into the aldehydogenic moilety of the
plasmalogen; the system requires CoA, ATP, Mg**, (J-glycero-
phosphate, CTP and ethanolamine, all of vhich are well known

co-factors necessary for the synthesis of phosphatidyl
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ethanolamine, Evidence has also been obtained by Kilyasu
et al. (76, 77) suggesting the vnresence in liver of phosphoryl-
choline and vhosphorylethanolamine nlasmalogenic glyceride

transferases catalysing the following reactions:

CDP=~choline
—\

+ "Plasmalogenic diglyceride"
—

CDP-ethanolamine
"Plasmalogenic vhosphatidyl choline"
+ CMP  (IX)
""Plasmalogenic phosphatidyl ethanolamine!
Thus, these authors showed that when "plasmalogenic diglyceride"

1s incubated with rat liver particles and CDP-choline or

CDP-ethanolamine, plasmalogen is formed (77).

b) Inositol phospholipid

The failure to show the phosphorylation of inositol
by tissue extracts in the presence of ATP (72), and the
observation by Dawson (57) and others (56, 67, 79) that the
incorporation of P32 into brain phosphoinositide end phospha-
tidic acid 1s greater than that intc the other phospholipids,
prompted the suggestion that inositol phospholipid is
synthesized by a pathway different from that postulated for
the classical glycerovhosphatides.

Studies by Agranoff et al. (80) indicated thet
phosphatidyl inositol is formed by the reaction of a
diglyceride derivative with free inositol. The incorporatiocn

of tritium-labelled inositol into the inositol phospholipid
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of guinea pig kidney preparations is stimulated by the
presence of cytidine nucleotides, particularly CDP-choline,
as well as by the addition of phosphatidic acid but not by
the addition of D-@,B-diglyceride. When tritium-labelled
CrP was incubated in this cell-free particulate prevaration,
in the absence of inositol, a chloroform-methanol soluble
radiocactive product is formed which yielded CMP on alkaline
hydrolysis. It was therefore postulated that a lipid-
soluble cytidine nucleotide compound, probably CDP-diglyceride,
is involved in this reaction and acts as an intermediate in
the synthesis of inositol phospholipid (80).

Paulus and Kennedy (81, 82, 83), in a series of
experiments with liver tissues, observed that there are two
possible mechanisms by which inositol may be incornorated
into phospholipid molecule. The first is by an engzgymatic
exchange reaction with inositol phospholipid presert in the
enzyme prepcration, The reaction is stimulated by the
presence of cytidine nucleotides which Agranoff et al.
mentioned earliecr (80). The second mechanism is by a true
de novo synthesis of inositol phospholipid stimulated by CTP.
The authors showed that their system catalyses the conversion
of (f-glyceronhosphate and phosphatidic acid to phosphatidyl
inositol in the vpresence of free inositol and CTP but not in
the presence of CDP-choline or other nucleotide triphosphates.

When @-glycerovhosnhate and CTP are incubated in the absence
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of inositol, an ether-soluble compound accumulates which
appears to be identical with CDP-diglyceride. Finally,
Paulus and Kennedy demonstrated the synthesis of inositol
phospholinid from synthetic CDP-diglyceride and inositol.
The following reactions were therefore proposed for the

synthesis of inositol phospholinid (83):

Phosphatidic acid + CTP—>CDP=-diglyceride + P-P (X)
CDP-diglyceride ¢ Inositol —Inositol phospholipid + CMP (XI)

These reactions are analogous to those proposed by Agranoff
et al. (80) except that Paulus and Kennedy consider that
CTP, rather than CDP-chollne is involved in the formation
.of CDP-diglyceride.

Evicdence has been obtained by Rossiter and his
colleagues (6) to éuggest that a similar pathway is omnerative
in brain. VYcMurray et al. (56) found that CTP stimulates
the incorporation of inorganic P32 into the inositol
phospholipid of brain glycolyzing homogenate and phosphory-
lating mitochondria. Thompson et al. (84) showed that CTP
and CDP are more effective than CMP and CDP-choline in
stimulating the incorporation of tritium-labelled inositol
into the lipids of such systems and that phosphatidic acid
incréases the incornoration in the glyvcolyzing homogenate.
The C1l+ label from the glycerol moiety of clh phosphatidic

acid is also found to be incorporated into brain inositol
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phospholipid and the incornoration is stimulated by the
addition of CTP (895).

Thus phosphatidic acid has been shown to participate
directly in the formation of inositol phosvholipid without
prior dephosphorylation by phosphatidic acid phoshhatase to
diglyceride and inorganic phosphate. This observation helps
to explaln the similarity of behaviour of inositol phospholinid

and phosphatidic acid in turnover studies (67).

c) Sphinpomyelin

The isolation of phosphorylcholine and sphingosine
phosphate as hydrolysis nroducts of sphingomyelin has helped
to establish that the choline moiety is attached through a
phosphate ester hond 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
varlous tissues including brain homogenate, catalyses the
formation of sphingomyelin by transferring phosnhorylcholine
from CDP-choline to the hydroxyl group of a ceramide (li-acyl

sphingosine)

CDP-choline + ceramide — sphingomyelin + CMP (X1I)
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This reaction is similar to the phosphorylcholine glyceride
transferase (see reaction VIII), excent that ceramide rather
'than4¥,@-diglyceride is the acceptor of the phosphorylcholine
moiety, and that manganese ions instead of magnesium ions
are required for optimal activity of the enzyme. Rossiter
et al. (89, 90) have also obtained evidence that ¢Dp32-choline
is incorporated into the spingomyelin fraction of rat brain
homogenate; thus suggesting that the labelling occurs via
the above mechanism,

Brady and his colleagues (91, 92) and Zabin (93)
have shown that cell-free preparations from brain can catalyse
the formation of sphingosine and ceramide the immediate
precursors of sphingomyelin. According to Sribney, and
Kennedy (88) the phosphorylcholine acceptor, ceramide, in
order to be active, must possess a sphingosine moiety that
has the threo (li-acyl threo sphinpgosine) and not the erythro
configuration.

As a result of the elucidation of the various
phospholipid pathways mentioned above, two striking points
of interest have arisen worth emphasising in that they are
common to each pathway (see Figure 1). It is a characteristic
of all phospholinid syntheses to utilize CTP at one stage or
another of the biosynthesis. ‘loreover, ATP plays a central
role in the formation of these compounds by controlling the

rates of synthesis of the different intermediates leading 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 1s therefore evident that any
factors in brain which influence the energy sunply may affect

phospholipid synthesis in a parallel manner,
4, LABELLING OF PHOSPECLIPID PHOSPHEORUS

Early workers, concerned with the elucidation of
phospholipid metabolism in brain, made extensive use of
radiocactive isotopes. One of the most fruitful of these
substances has been radicactive phosphorus with which much
of the behaviour of phospholipids in body tissues has been
determined.

Incorporation of P32 in vivo. Hahn and Hevesy

(94) ohserved that one hour after subcutaneous injection,
P32 is found in the brains of adult rats, mice and rabbits.
However, despite the rapid appearance of the isotope, the
maximum amount of P32 is not deposited in the brain phospho-
lipid until 200 to 300 hours after administration, and its
loss from these compounds is found to be very slow (95, 96).
When this incorporation in the brain i1s comnared with that
found in other organs, it nroves to be much lower (97, 98).
However, if the inorganic P32 is injected into the cerebro-

spinal fluid, the isotope uptake in the bralin is more rapid
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(99, 100) suégesting therefore that the slow rate of
incorporation of P32 in vivo is attributed to the pronverties
of the blood=-brain harrier which controls its rate of
penetration (101).

Incorporation of p32 in vitro. The in vitro

incorporation of radioactive inorganic phospiate into the
phospholipids of brain was first observed by Chaikoff and

his colleagues (102, 103). These workers showed that slices
of rat brain, respiring in a physlological medium, incorpcrate
P32 into the phospholipids. Addition of hexoses such as
glucose, galactose, mannose or fructose stimulatesthe
incorporation as much as five-fold. Under anaerobic
conditions, the incorporation of the isdtOpe 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 1s not
observed, Strickland also found that a wide range of
metabolic inhibitors, in concentrations that inhibit the
oxygen uptaike of brain slices, also inhibit the incorporation
of P32, This author therefore suggested that the
incorporation of P32 is "a metabolic phenomenon and is
dependent upon the maintenarce of an adequate phospherylating
mechanism within the slices" (104%). Schachner et al. (103)
and Strickland (104) observed that if the brain tissue is
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homogenized before incubation, the incorporétion of P32 into
phospholipid is reduced to very low levels. However, if
the homogenates are suitably '"reinforced" in order to have
normal respiratory activity, good labelling is obtained
(105, 106, 107). When the various phospholipids of brain
homogenates are separated by chromatography, the highest
specific activity is found in the phosphatidic acid and
inositol phospholipid fractions (57). Hokin and Hokin (67)
and Magee gﬁ al, (108) have also repor ted similar findings
with brain slices.

ATP32 as a prerequisite in the labelling of the

phospholinid phosnhorus. The labelling of ATP from

inorganic P32 either by glycolytic or oxidative phosphory-
lation, appears to be the first step in the labelling of
the imrediate precursors of phospholipids (3). As a result
of the experiments performed by McMurray et al. (56, 107)
and by Berry and Mclurray (109), evidence has been obtained
showing that the labelling of the 1ipid phosphorus 1s
closely associated with ATP. These workers observed that
in brain preparations which demonstrate either glycolytic
or oxidative phosphorylation, the well known metabolic
inhibitors iodoacetate or 2-4 dinitrophenol decrease the
incorporation of P32 into phospholinids and in a varallel
manner the concentration and the labelling of ATP. More-

over, ATP32 was shown to be, on a relative basis, more
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readily incorporated into the phospholipids than inorganic
P32 (56). In view of the well established requirement of
ATP for the biological synthesis of phospholipid, 1t was
therefore concluded that ATP plays a dual role in the
labelling of these compounds in providing both the labelled

phosphorus and the energy supply (56).

5. FACTORS AFFECTING METABCLIC PROCESSES Iii THE BRAIN

a) Effect of potassium and calecium ions

It is well known that brain cortex contains on the
average 100 meq. of potassium per kilogram of tissue.
Terner, Eggleston and Krebs (110) found that when slices of
brain cortex are incubated in a normal saline medium, under
anaerobic conditions, there is a loss of potassium ions by
diffusion into the medium and a gain of sodium ions. Under
aerobic conditions, when glucose ﬁas provided as substrate
and in the preéence of L-glutamate, this phenomenon could be
reversed; after an inltial loss, brain slices accumulate
potassium ions as well as L-glutamate against the concentration
gradient (110, 111, 112). Takagakl et al. (113) confirmed
these observations and renorted that the ionic composition
of the incubation medium greatly influences the uptake of
both potassium and glutamate. Thus the content of potassium

ions in slices decreases during incubation even in the
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presence of glucose and L-glutamate when the incubation
medium is potassium-free, However, the potassium content
in the slices is very much increased and the addition of
glutamate further accelerates this accumulation when the
incubation is carried out in a high potassium medium. The
presence of sodium ions in the medium is indi spensable for
potassium and glutamate accumulation. In the absence of
calcium ions, the notassium content of brain slices
slightly decreases on incubatlon.

Ashfard and Dixon (114) were the first to show that
the addition of a high concentration of potassium chloride
(100 mM) to the ordinary incubation medium enhances the
oxygen uptake of rabbit brain cortex slices. This effect
was confirmed by Dickens and Greville (115) who reported a
50 - 100% increase in the respiration of rat brain cortex
slices incubated with either glucose, fructose, lactate or
pyruvate and high potassium concentration, whereas no
increase is observed in the absence of substrate. Both
groups of investigators also noted an increase 1ln the aerobic
glycolysis and a decrease in the anaerobic glycolysis. The
latter authors and subsequently Canzanelli et al. (116)
observed that lowering the calcium concentration has the
same effect as an lncrease in potassium, sugresting that
calclum ions are antagonistic to the stimulatory effect of

potassium ions., These workers also reported that the
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stimulatory effect is not obtained if the potassium is
increased at the exnense of sodium in the medium, On the
other hand, Dixonr (117) observed that the potassium effect
can be obtained in isotonic medium if a lower potassium
concentration (40 mM) is used so that the sodium concentration
can be kept relatively high. Lipsett and Crescitelll (118),
in addition to confirming the increase in respiration, found
that the stimulation of respiration 1s inhibited by the
addition of glutamate, succlnate, citrate orq-ketoglutarate.
These authors suggested that potassium may increase the
oxygen consumption of braln slices by stimulating the
phosphoenolpyruvate~adenosinediphosphate transphosphorylase
reactlion. |

Kimura and Fiwa (119) showed that malonate, at a
concentration which is slightly inhibitory to normal
respiration in the presence of glucose, completely inhibits
the potassium stimulated respiration. Subsequently, Tsukada
and Takagakl (120) and Parmar and Quastel (121), while
confirming this result, observed that the malonate inhibition
of the potassium-stimulated respiration can be reversed by
the addition of fumarate or oxalacetate. Thes observations
indicate that the vnresence of excess notassium ions in the
medium activates the citricacid cycle of operations in
brain respiration or some rate limiting step associated

with it (35).
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The phenomenon that the potassium-stimulated brain
cortex respiration is of the same order as that occurring in
normal brain in vivo, prompted the suggestion that a metabollc
and physiological parallel exists between the stimulated
tissue and the brain in vivo. McIlwain (122) and Ghosh
and Quastel (123) found that narcotics and anaesthetics,
at pharmacologically active concentrations, suppress the
respiration of the stimulated tissue, whereas that of un-
stimulated tissue 1s not affected and presumably represents
conditions more remote from those prevailing in living intact
brain,

In addition to the phenomena mentioned above on
respiration and glycolysis, several other metabolic processes
are influenced by the change of potassium and calcium con-
centration in the medium. Quastel and his colleagues (124)
reported that acetylcholine synthesis by braln slices is
increased about ten-~fold by raising the potassium concentration
of the medium from 4 md to 30 mM, and that the addition of
calcium ions prevents this increase. The effect of the
potassium salt was seen primarily in brain cortex slices
and not in finely minced tissue which could nevertheless
synthesize acetylcholine (12kh),. McLennan and Tlliott (125)
observed that for maximal synthesis of acetylcholine by
brain slices, the presence of 1,3 gl calcium is necessary

and that higher or lower concentrations inhibit the synthesis.
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McIlwain (126, 127) showed 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 nroducing an increase in inorganic phosphate.
It has alsd 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
amronium ions or a decrease of calcium ions inhibits the
incorporation of inorganic P32 into phosphorus containing
compounds such as phospholipid, ribonucleic acid and phospho-
protein. Rossiter (131) subsequently renorted that under
these conditions the incorporation of P32 into ATP decreases
to the same relative extent as the labelling of the phospho-
lipid. Pritchard (132) also observed that the incorporation
of ¢c1% labelled precursors, such as acetate, glycerol and
choline, into rat brain phospholinids 1s decreased by the
addition of a high concentration of pnotassium. It was
therefore suggested that the lower specific activity of the
organic phosphorus compounds is possibly the result of the
effect of potassium ions on the concentration of phospho-
creatine (132), OCn the other hand, in contrast to the
above observations, Tsukada et al. (133) found that the

incorporation of P32 into phosphoproteins of guinea pig
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brain slices is increased markedly upon addition of 0,1 M
potassium, When thesc experiments are carried ot in an
isotonic medium where most of the sodium ions are omitted,
this increase in P3° incorporation is not observed. These
authors concluded that the augmentation of glucose metabolism
in the presence of potassium 1s closely coupled to the
phosphorylation mecranism, especially as regards the turn-
over of phosvhoprotein within the slices. Yoshida and
Iukada (134) recently reported similar results with phospho-
lipids showing that the greatest increase in p32 incorporation
caused by potassium occurs in the phosphatidiec acid fraction.

An increased concentration of potassium or omission
of calcium inhibits glycopgen synthesis in brain cortex slices
(135), Vrba et al. (136) studied the effect of potassium
ions on ammonia formation in brain slices using no substrate
in the incubating media, and found that potassium at higher
concentration brings about a decrease in the level of ammonia,
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
concentrations, there is a decrease in ammonium accumulation,
whereas the ammonia level is raised on further increase in
potassium concentration, In a calcium~free medium, the
release of ammonia is greatly increased.

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 1n the labelling of
glutamine and y-aminobutyric acid from glucose uniformly
labelled with carbon-1%. The stimulation of C1* incor-
poration may be caused by an acceleration of the citric acid
cycle resulting in an increased turnover of ¢-ketoglutarate,
a well known precursor of these two amino-acids (138).

Kini and Quastel also observed that the nresence of 105 pmM
potassiumr greatly increases the rate of oxidation in brain
cortex of both pyruvate-l-clLf and pyruvate-2-clL+ to carbon-1k
dioxide, the latter process being much more inhibited by the
presence of malonate than the former. These results led

to the conclusion "that the stimulating effect of addition

of potassium ions on the respiration of brain cortex is
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 the metabolism
of brain slices in the presence of 0,1 ¥ potassium chloride
and brain tissue stimulated by electrical impulses.
¥cIlwain and his group have reported an increase in both
oxygen consumption (140) and aerobic glycolysis (141) when
electrlical impulses are applied to isolated brain tissue.
This effect is observed when glucose, lactate or pyruvate
are present as substrate, but not with succinate or ¢-keto-

glutarate. Under these conditions, the phosphocreatine
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level is decreased (142), ATP concentration is not very much
affected (129), the specific radioactivity of phoepholipid
(143), phosphocreatine and ATP (144+) is decreased whereas
that of the phosphoprotein phosphorus (145) is increased.
The electrical stimulation 1s highly sensitive to malonate
(146) and narcotics (122) and also causes an increase in the
rate of acetylcholine synthesis in brain slices (1h47).

The effects produced by cations and electrical
impulses on cerebral tissue metabolism have thelr parallel
in some muscular tissues but not in nor-excitable tissues
such as liver, kidney or spleen (20). As a result of the
evidence obtained that cationlc 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 integrity of the cell membranes. Changes in
cation concentration or applicatiom of electrical impulses
would cause ionic displacements at the nerve cell membrane

resulting in depolarization and metabolic alterations (20, 35).

b) Effect of acetylcholine

Since the demonstration by Quastel et al. (149)
that acetylcholine synthesis occurs in brain cortex slices
under physiological conditions, much has been wfitten about
the function of this substance in brain. It is well known
that acetylcholine acts as a central synaptic transmitter (150)

and that 1t may perhans be involved in conduction of the
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nerve impulses along the axon (151). In addition, Hokin
and Hokin have observed a very striking effect of acetyl-
choline on phospholipid metabolism which may further
elucidate the biochemical role of this amine in brain.

These authors, whilst investigating the effect
of cholinergic 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 large increase in the specific activity of the phospho-
lipid (152). Subsequently, an analogous phospholipid
effect was observed with 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 specific activities of the acid-soluble
rhosphate ester fractions (152). These results indicate
that the effect on phospholipids is not secondary to a
general increase in the rate of nhosphorylation. It was
also reported by these workers that the level of phospholipid
in the stimulated tissue does not increase and that the in-
corporation of glycerol—l-clLr into the phospholipid is
slightly inhibited 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 nhospholinid effect in brain cortex slices represents
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an increased turnover of phosphate in phospholiplds rather
than a de novo synthesis (47).

The stimulation of P32 incorporation by acetyl-
choline appears mainly in the phosphatidic acid and phospho-
inositide and to a lesser extent in the phosphatidyl choline
fractionswhen the different phosnholipids of brain slices
are separated by chromatosraphy (67). Although a phospho-
1ipid effect is also observed in homogenates and various
cytoplasmic particulaté fractions of guinea pig brain under
conditions of ovidative phosnhorylation, in contrast with
brain cortex slices, the stimulation by acetylchollne in the
cell-free system occurs exclusively in plosphatidic acid
(153). Moreover, in brain microsomal preparations, the
labelling of phosvhatidic acid from G-GP32 is not stimulated
in response to acetylcholine, whercas the incorporation of
ATP3Z into phosphatidic acid, presumably by the action of a
diglyceride kinase, is increased by acetylcholine (54).

In subsequent findings, Hokin and Hokin observed
that the phospholipid effect occurs only in the nervous
structures of the brailn which contain cholinergic synapses.
In view of the well known property of acetylcholine to cause
depolarization of the post-synantic membrane at cholinergic
synapses, it has been suggested that the phospholipid
stimulation is concerned with the transport of inorganic

icns (52) (see p.10). However, the mechanism of the
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acetylcholine phenomenon in brain is not yet clearly elucidated.
Thus the stimulation of vhosphate turnover in phosvhoinositide
and phosphatidyl choline has been shoun to occur only in
~ preparations such as tissue slices where the cell membrane
is intact. On the other hand, the increment of phospha-
tidic scid labelling in cell-free systems indicates that
this turnover is not regulated by changes in the concentra-
tions cf icns on the 1ntracellular side of the membrane,

Hokin and liokin have therefore exnressed the opinion that
at least in the case of phosphatidic acid, the stimulation
of turnover might be brought about by a direct effect of
acetylcholine, wiich by a common mechanism could cause
depolarization and increase the turnover of phosphatidic

acid (52).

c) Effect of mornphine

One of the characteristic properties of narcotics
is to denress cerebral activity by inhibitins the formation
of high energy phosnhate bonds thereby affecting a variety
of metabolic processes controlled by the presence and rate
of production of ATP (35, 154). Paradoxically, although
morphine is classified as a narcotic and that its classical
effect in vivo is to reduce the respiratory rate (155), the
rode of action of this alkaloid on metabolic functlons in
vitro appears to be different from that of barbiturates and

other rroups of narcotics (154),
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In 1932, Quastel and Wheatley (156) studied the
effect of morphine and other drugs unon oxidative processes
in nervous tissues, in an attempt to determine the mechanism
of narcosis. These workers found that the 1rncreased oxygen
consumption of guinea pig brain mince in the presence of
lactate, pyruvate, and glutamate is inhibited by-morphine
whereas no change occurs if succinate 1s used as a substrate.
Seevers and Shideman (157, 158) in an extensive investigation,
renorted thot morphine has no significant effect on the
endogenous ovygen uptalie of cortex slices, mince or homogenate
or rat brain, The oxidation of citrate, succinate, fumarate
and malate is unaffected by morphine, while the results
obtained¢ vary when glucose ol quetOglutarate are used as
substrate. Elliott et al. (159) showed that morphine at a
concentration of 10 pM falls to depress the oxygen uptake of
rat brain cortex slices respiring in glucose whereas
mevneridine strongly inhibits the glucose oxidation. These
authors concluced that morphine cdoes not affect the mechanisms
of blological oxidation in a manner similar to other narcotics
(159). Prody (160) also found that morphine does not un-
couple oxidation from phosphorylation.

Achor and Geiling (161) have reported that morphine
inhibits the uptalke of C1¥ into the brain of rats following
an intravenous injection of glucose-Clh. This inhibitofy

effect is partially antagonized by nalorphine, and the
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results are interpreted as evidence that morphine depresses
the uptake of glucose into the brain., Accordingly,
Siminoff and Saunders (162) studied the effect of morphine,
in doses sufficient to depress respiration (20mg/Kg), upon
the glucose concentration in the brain of rabbits in vivo
and the glucose uptake by brain slices in vitro. There
are no significant differences in the results obtalned with
normal and morphinized animals. When morphine is injected
into animals prior to incubation of their brain slices, the
stimulation of glucose untake,oxygen consumption or oxidation
of glucose-Cll+ by the addition of a high potassium concentra-
tion is not affected, The latter observation is analogous
to the one reported by Franklin (163) for potassium
stimulated brain cortex slices incubated with 3 m¥ morphine.
Siminoff and Saunders concluded that "the depressent effect
of morphine in vivo cannot be explained on the basls of an
inhibition of the metabolism of glucose unless specific areas
of the brain respond differently from the brain as a whole"
(112).

Bell (164) investigated the effect of morphine
on oxygen consumption and lactic acid formation in normal
and electrically-stimulated rat cerebral cortex slices. In
contrast to the results obtained with potassium stimula ted
tissue, this worker found that the increased metabolism

assoclated with electrical stimulation is practically
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abolished by concentrations of morphine whrich have no effect
upon the unstimulated tissue.

In view of the almost complete inability of
morphine to influence oxidative processes in brain, the
observation that mernhire affects cholinesterase and acetyl-
choline has aroused particular interest in order to elucidate
the mode of action of this substarce in vitro.  Bernheim
and Bernheim (1695) found that morphine inhibits the
hydrolysis of acetylcholine by brain cholinesteraseé pre-
pared from rats, guinea pigs and cats. Eadie (166) confirmed
this finding and suggested that the inhibitor competes with
the substrate for clrolinesterase instead of destroying the
the activity of the enzyme. Slaughter and his co-workers
(167) reported that morphine behaves like a cholinergic drug
in its action on the stomach and that its effects are enhanced
by prostigmine. Eserine was also fourd to potentiate the
effect of morphine on the intestine of the dog and blood
pressure in cat (168) while atropine antagonizes the analgesic
action of mornhine (169). As a result of the work of Quastel
and Tennenbaum (170), evidence has been obtained showing that
morphine competes with acetylcholine for receptor grouns in
leech muscle preparations, the action being reversible and
competitive, Lewis (171) has also observed that morphine
prevents the action of acetylcholine which causes contraction

of the guinea~-pig ileum. Quastel has exnressed the opinion
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that morphine may act in the brain as a competitor to
acetylcholine for some receptor sites whose combination

with acetylcholine is necessary for normal functien of the

neurones (154).
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THE PURPOSE OF THIS INVESTIGATION

The use of P32 has contributed a great deal to the
elucicdation Qf the various pathways by which phospholipids
are formed. It is now well established that the incorpora-
tion of P32 is closely linked to the mechanism of oxidative
phosnhorylation and evidence has been obtained suggesting
that P32, after being transported into the cell as lnorganic
phosphate, appears to be incorporated into ATP prior to its
entry into the phosphorus moiety of the phospholipids.

The labelling of phospholipids from inorganic p32
made 1t possible to follow the bhehaviour of these compounds
under normal in vitro conditions as well as thelr response
to various external factors which alter the overall metabolism
of the cell. These contributions supplied some valuable
insight on the possible role and function of phospholipids
in the cell metabolism,

The experiments to be described in this thesis were
directed towards a study of the effects of various agents on
the labelling of phospholipids from inorganic P32, Investi-
gations have been carried out to ascertain the stimulatory
effect of cations, acetylcholine and morphine on the incorpora-
tion of P32 into the phospholipids of rat brain cortex slices
as well as the factors which govern this.stimulation. These
investigations were carried out not only to determine the
mechanism of action of these substances but also as a first
approach to elucidate further the role and function of

phospholinids in brain.
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CHAPTER II

MATFRIALS AND METHODS

Animals. Hooded adult male rats were used in
all the exneriments to be described. The animals were
bred in this Institute and weighed from 150¢. to 180g.

Mornhine treatment. Rats undergoing mornhine

treatment were administered morphine sulphate by intra-
peritoneal injection twice daily fer fifteen days. On

the first day of treatment two doses of morphine, 20mg. per
Kg. body weight, were injected with an interval of ten hours
between injections. The amount of morphine administered

in each dose was vnrogressively increased to a maximum of
250mg. per Kg. body weight on the last day of the treatment.
Four or twenty-four hours after the last injection, the
animals were killed by decapitation and the brains were
removed.

Chemricals, All common cheriicals were of "Reagent"
grade nurity and used without further purification. The
following drugs, morphine sulphate, nalorphine hydrobromide,
atropire sulphate, acetylcholine chloride, eserine s:ilphate
and tofranil were manufactured and supplied by various
pharraceutical companies. Y-aminobutyric acid, and
tubocurarine chloride were obtained from the Kutritional

Biochemicals Corporation, Cleveland. P32 specified as
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Sodium Radiophosphate solution in hydrochloric acid was
supplied by Charles E. Frosst and Company, Montreal.

llorit activated charcoal was obtained from Fisher
Scientifice Ltd. It was found to be impure and to inter-
fere in the colorimetric determination of phosphate.
Purification was achieved by boiling the charcoal for 30
minutes in HCl, suspending it in pyridine for two hours and
washing it with 20 HC1. Tpon drying, blanks performed on
the charcoal did not produce any coloration.

Purification of P32. The commercial solution of

P32 appeared to be contaminated by a slight amount of radio-
‘activity other than orthophosphate. Originally when the
radioactive P32 solution was used after boiling for one

hour with N HCl to decompose any pyrophosphate present, the
specific activity of both the phospholinids and the nucleotide
phosphates was sometimes much greater than the calculated
specific activity of the medium. Purification of the P32
solution was therefore carried out by the following

nrocedure, assayed and suggested by Dr. R.M. Johnstone of

this Institute.

' After bhoiling for one hour in a glass container
with ¥ HC1, the P32 solution was cooled and neutralized with
a few drops of ammonium hydroxide. 10 pmoles of Ma2HPOW,

1 ml, of magnesia mixture, 1 ml. of ammonium hydroxide were

added and the firnal volume made up to 10 ml., with distilled
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water. The mixture was then left to precipitate at 5°C
overnight. On the following day, the residue was separated
by centrifuging, washed three times with 5 ml. of 1:10
solution of ammonium hydroxide and water, and finally sus-
pended in 4 ml. of distilled water. The suspension was
then neutralized by adding 0.1N HCl dro» by drop and with
continuous stirring after each addition. When the

solution was about neutral, it was centrifuged at 2000g
for 15 minutes. A small sediment was left which was
subsequently discarded, The maln precaution was not to
let the pH drop below 7 while dissolving the precipitate
with 0.1 ECI1. After this treatment, the supernatant was
transferred to a clean test tube and diluted to give the
desired radiocactivity. Thus 2 = 3 ml., of the original p32
solution containing 1 mc. per ml. were processed.

Prenaration of solytions. A1l solutions were

prepared at appropriate concentrations in distilled water.
Stock soluticns of substrates and inhibitors were prepared
at ten times the desired concentration, adjusted to pH 7.4
and stored at 5°C for no longer than fifteen days.

Solutions of glucose and acetylcholine were freshly made
before each experiment, In some cases, attemnts to
neutralize concentrated solutions of drugs such as morphine,
tofranil and others with scdium hydroxide caused precipi-

tation, Fowever, these drugs could be obtalned in solution
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at pH 6.0 - 6.8 at concentrations of 20m¥ to 100mM. When
added to vuffered incubation media, no precipitation of the
drugs was observed and the pH remained constant.

Prenaration of Rat Brain Cortex Slices. Rats

were killed by decapitatior. The brairs were quickly
removed and chilled in a beaker contairing ice cold saline.
Slices of rat brain cortex were cut from the surface of the
cerebral hemispheres with a chilled Stadie-Riggs tissue
slicer and nlaced in a petri dish standing in crushed ice.
Usually one dorsal and one lateral slice from two different
brains were pooled and nised in each vessel, These two
slices weighed together asproximately 5C - 70 mg. Consid-
erable cautlon had to be taken in preraring brain slices,
since the maximum resniratory response to the addition of
excess potassium chlorice was critically dependent on the
tissue thickness. Slices that were too thin disintegrated
during the course of an experiment, wnrile with thick slices
little or no notassium effect was observed. Slices of two
brains at a time were thus processed and quickly transferred
to Warburg vessels containing ice cold incubation media.

The interval between sacrificing the animals and commencing
an incubation was anproximately 40O minutes. The dry weight /
wet weight ratio was established by drying corresponding

arounts of tissue at 110°C for 4 hours.
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Incubation Methods. The basic saline medium used

for the incubation was "modified"™ Krebs medium III (172, 152)
containirg 135mM I'aCl; 5.1mM KCl; 2.9mM CaClp; 1.3mM
KHpPOL3  1.3md MgSO4; 3.9mM NaHCO3 saturated with carbon
dioxice; and 3mM sodium phosphate buffer, pH 7.4. 1In
experiments where 10mM tris (hydroxymethyl) aminomethane
buffer pH 7.4 was used instead of the sodium phosphate buffer,
the standard Krebs-Ringer medium (173) was employed. To
each vessel was added 20pc. 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 tipping the
KC1 solution from the side arm after the equilibrium peried
at 379C and without correction of the osmotic pressure.
When a sodium-free medium was employed, sodium lons were
renlaced by choline to maintain the lsotonicity of the
medium. To obtain a calcim-free medlum, CaCl, was omitted
from the basic saline medium. Eserine sulphate was always
added with acetylcholine and these solutions were also tipred
from the side arm after thermal equilibrium. Experiments
were always done in duplicate.

Rat brain cortex slices were placed in the main
compartments of chilled Warburg vessels containing the above
incubation media, and studies of their respiratory activities

measured in the conventional Warburg apraratusat 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 cent potassium
hydroxide solution. The vesselé were then attached to
the manometers, gassed for 5 minutes with pure oxygen, and
immersed in the bath. Ten minutes were allowed for
thermal equilibration and then the side arm contents were
added to the main compartment. After an additional § -
minutes, manometric measurements of the oxygen uptake were
started and carried on at 10 minute intervals during the
incubation nerlod as indicated 12 the text. The results
were expressed as microlitres of oxygen consumed per mg.

dry weight of tissue at 37°C.

Incorporation of P32 into rat brain cortex phosnholipids.

Fxtraction of phospholinids. The procedure

described below was based on the method of Hokin and Hokin
(17%). At the end of the incubation period, the vessels
were removed from the manometers and placed in crushed

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

were added imredlately to the vessels and the whole content
transferred to centrifiige tubes. The tissues were washed
with 2 ml. of TCA and homogenized in 5 ml. of cold 10 per
cent TCA. After senarating the insoluble fractlioen by
centrifuging, the residues were resuspended in cold 10

ver cent TCA and again centrifuged; this step was repeated

once nmore. The residue was resusoerded in 2 ml. of 95 per
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cent ethanol. The ethanolic suspension was mixed with 2 ml.
of chloroform, the tubes tightly stoppered and stored over-
night at 5°cC. Cn the following day, § ml. of cold 0.1N
HECl were added to the tubes, the mixture emulsified by
viporously shaking for 2 minutes and centrifuged at 2000g
for 10 minutes. After centrifugation a disc of insoluble
protein separated the heavy chloroform layer, which con-
taired the nhespholipids, from the top lighter lzyer which
consisted of the HC1 »nlus the ethanol of the original
extraction mixture. Aliquots of the chloroform extract
vere removed for determination of total counts per minute
and estimction ef the total nhosnholipid phosphorus.

Estimation of total phosvholinid phosphorus.

The total phosvholinid phosphorus was estimated by digesting
a 1 ml. sample of the chloroform extract with 1 ml. of
10X HoS0y in an oven at 140°C overnight. On the following
day the solution was cooled and 1 - 2 dropns of 30 per cent
hydrogen peroxide added. The solution was returned to
the oven for at least 3 hours to complete the combustlon
and to decompose all the »eroxilde, 1 ml. of Hy,0 was then
added ard a 0,1 ml. aliquot of this solution was zssayed
for phos»horus by the method of Bartlett (177) (see pagel9)
withont further additior of EHoSOy.

Assay of radioactivity. Aliquots (usually 200n1)

of the chloroform extract were nlated on aluminium discs
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and the radiozctilvity was counted with a "Tracerlab" gas

flow counter of 20 ner cent efficiency.

Measurement of I'ucleotide Phosphote Levels

The technique used 1n these exneriments was
devised by Dr. D. R, Ellis (17%) of this Institute, by com-
bining the charcoal method of Crane and Lipmann(176) for
the senaration of nucleotides from inorganic phosphate with
the rethod of Bartlett (177) for the determination of
phosnhorus.

Evtraction of the TCA soluble fraction. At the

end of the incubation, the vessels were quickly chilled in
ice, the slices removed with forceps, deposited in 8 ml, of
ice cold salt sclution, centrifuged, and the supernatant
discarded. The slices were resusvended in 8 ml. of ice

cold salt solutiorn, and agaln separated by centrifuging.

The supernatant was carefully removed and the insides of

the tube dried un with paper tissues. The slices were
homogenized in 5 ml. of cnlé 5 ner cent TCA ard the
homogenate was then allowed to stand for 30 minutes in the
cold to campletely extract the acld soluvle phosrhate esters.

All operstions were performed ranidly at 2°C.

Senaration of the nucleotides from inorganic

phosphate. After centrifugation of the homogenate sus-



49.
rersion, the TCA supernatant was decanted into a centrifuge
tube containing anproximately 250 mg. of purified charcoal
and mixed by stirring with a glass rod. To reduce the
amount of charcoal which flocted, 0.3 ml. of 95 per cent
ethanol was layered onto the solution., The charcoal was
sedimented by centrifugation, the supernatanrt decanted, and
the charcoal residue washed twice with 5 ml. of distilled
water, After the second washing, the tubes were drained
by inversion and the insides dried with paper tilssues, To
recover the labile phosnhorus of the nucleotide fraction
(7-minute hydrolygzable nucleotide phosphate), the charcoal
residue was susnended in 4 ml. i HC1 and the suspernsion
placed irn a boiling water bath for 4 minutes. After cooling,
the suspensicn was centrifiiged and a 2 ml, aliquot assayed
for phosphete,

Estimation of phosnhate, Inorganic ortho-

phosnhate was detérvined by the method of Bartlett (177).

The 2 ml., aliquot of the fraction described above was made

up to 3.4% ml. with distilled water ard 1 ml, of 5 ¥ sulphuric
acid, O.4 ml. of 25 ner cent ammonium molybdate, and 0,2 ml.
of the Fiske-SubbaRow reagent added in succecslon and mlxed
thoroughly. The solution was heated for 10 minutes in a
boiling water bath and the colour »roduced was read at

€30 mL using a Peckman model B snectrophotometer witth the
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red sensitive phototube. In all experiments, blanks were
nerformed on the charcoal and TCA solution., A standard
containing 0.1 jumole of nhosphate was performed
simultaneously.

Assay of radiocactivity. A 0.2 ml, aliquot of

the hydrolyzed niicleotide vhosphate fraction was plated and
reutralized on the planchet by adding a sufficient amount
of ' sodium hydroxide. The mixture was evenly spread out
on the nlanchet by adding one drop of a 2 per cent solution
of cetyltrimethylammonium bromide, dried under an infra-red
lamp and counted.

It had "»een sugeested that not only the terminal
phosphoric acid groups of ATP and ADP were split off by
treatment with bolling ¥ HC1l, but that the ribose-5-phosphate
group may also be split from the aderine moiety. Preliminary
experimeﬁts were thus nerformed in order to determine whether
the radiocactivity of the 7-minnte nucleotide phosnhate was
contamincted by the presence of nossibly labelled ribose-
5-phosnhate. A 0.5 =1, aliquot of the hydrolyzed nucleo-
tide phosphate fraction was mixed with 1.2 ml. of water,

4 vl. of an isohutanol henzene mixture 1l:1 and 0,5 ml. of
2.5 per cent armonium molytdate., The solution was shaken
vigorously for 15 seconds and allowed to stand until the

organic phase had cleared and for at least 10 mimites.
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Samples of the organic and aqueous phases were plated and
counted, The radiocactivity of the orgaric phase, which
consisted of orthophosphate removed as the phosphomolybdate
complex, was identical to that of the criginal 0.5 mil.
aliquot assayed. On the other hand, the activity of the
aqueous nhase was not significantly ahove bzckground in=-
dicating that the ribose-5-phosphate is either not split
from the adenine moiety during treatment with voiling
T HC1l, or if it is split, it is not labelled with inorganiec

p32 during the course of the experiment.

Expression ard Calculotion of Results

Incorporation of P32 into phosvholipids., In

early experiments on the incorporation of P32 into phospho-
lipids, it was found that the total phospholipid nhosphorus
does not vary sigrificantly in the wresence of vorious external
factors, and that only the phospholipid labelling is affected
(Table I). The estimation of the total phosnholipid
phosphorus was therefore only carried out in the prelimi-

nary experiments. Hence, the incorporation of P32 into
phospholipids was expressed as total counts/min/100 mg. wet
weight of tissue. In orcder to have corperative values from
one exveriment to another the totsl counts in nhospholipids/

mine. were corrected for variaticns in the specific activity
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of the inorganic phosphate in the incubation medium.
Thus: incorporation of P32 into phospholipids

= total counts in phospholipids/nin,/100 mg. wet weight tissue
Counts/min/pmole of inorganic phosphate in the incubation medium

Incorporation of p32 into 7 minute nucleotide

phosphate. The radiocactivity of the 7 minute nucleotide
fraction was expressed as total counts/min/100 mg. wet

weight of tissue and corrected for variations in the specific
activity of the inorganic phosphate in the incubation medium
as above, In some experiments the radioactivity of the 7mnp.

fraction was expressed as counts/min/pmole phosphate.
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CHAPTRR IIT

STUDIES _OH THE INCREMEIT OF P32 TIUCORPORATION INTO

PHOSPHCLIPIDS OF BRAIN CORTEX SLICES.

Introducticn

A considerable amount of evidence has accumu=-
lated indicating that the incorporation of P32 into phos-
pholipids of respiring brain slices 1s dependent on oxidative
phosphorylstion in the slice(102,103,104+,130,131,179).

The addition of energy-producing substrates increases the
incorporation of r32 into phosphorus~containing compounds,
whereas a decrease is obhserved during anaerobiosis or in the
presence of metabolic inhibitors which block the formation
of high energy phosphates (10%,179,107,109). It has been
suggested thaet the larvelled P32 which is incorporated into
phospholipids is derived from and depends on ATP (3,56).

It would therefore seem logical to supnnose that under con-
ditions where the oxldative metabolism of brain slices is
erhanced, the labelling of phospholinids would alsc be
increased unless oxidation is uncounled from phosphorylation.

It is 'well known that the addition of a high
concentration of potasslum 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 ionic changes also stimulate a numbher of other meta-
bolic reacticns such as the synthesis of acetylcholine (124)
or the labelling of glutamine from radioactive glucose (138)
which are energy-dependent processes. At nresent it is
believed trhat under these conditions the operation of the
citric acid cycle or some rate limiting step associated‘with
‘this eyele is activated (35,138). On the other hand, it
has been shown that an increase in notassium ion concentration
in the incubating medium decreases the level of phospho-
creatine and ATP (126,127,129,131) as well as irhibiting
the incorporation of p32 into nhosphorus-containing com-
pounds (130,131), Much of the cellular metabolism of the
brain is directed towards the maintenance of a high gradient
of notassiwr between the intracellular and extracellular
co:centratiohs of potassium (126). It has been surgested
(180,132) thi.t an inecrease of potassium ions in the in-
cubation medium would lower this gradient and in order to
re-estaihlish 1t the metabolism of the brain slices would
concentrate notassium ions by reactions that are energy
consuming(110). This would therefore result in a depletion
of energy-rich phcsphate compounds necessary for the incor-
poration of P32 into phosrholipids.

However, a point of interest arises from the
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investigations previously reported (130,131) in that the
effect of cations on the incornoration of P32 into phospho-
lipids was determined after a relatively long period of
incubation where the erhancement of oxygen consumption and
presumably also the general metabolism of the brain slices
no longer occurs. It seemed desirable to extend these
studies to determine whether the incorporation of P32 into
phosphelipids is parallel to the enhancerent of the oxid-
ative retabolism when thls process is still taking place.

An 1nvestigation of the effects of cations and substrates,
which are known to increase cerebral resniration in vitro,
has been made on the incorporation of P32 into phospkolipids.
Ir cases where a stimulatory effect was observed, the incre-
rent was compared to that obtained with acetylcholine which
has been shown to nroduce such stimulation (47). The
factors that govern this pheromenon have also been examined.
The catlonic stimulation of P32 incorporation into phos-
pholipids observed in this investigation is in agroeement
with the finding of Yoshida and Quastel who first observed
this effect (2C1,13k4).
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Results

The effect of potassium, calcium and ammonium icns on the

incornoration of P32 into phospholipids.

The effect of electrolytes on the incorporation
of P32 into the phospholipids of rat braln cortex slices
was first investigated after a 30 minutes incubatlon period.
It is well krown that cationle stimulation of cerebral
respiration, which is short-lived and decreases rapidly
with time, is still marked at this time. The results
obtained are presented in Table I. It can be seen that
the addition of 1CC mM potissium ions, 10 r} armonium lons
or the onmission of calcium ions from the medlium increases
tre oxygen cornsumption of brain slices resniring in glu-
cose by about 70, 35 and 22 per cent respectively. The
p32 incorporation into phospholipids follows a similar pat-
tern as the increcsed oxygen uptake except with ammonium
ions where a murked decrease in vhosphelipids lahelling
occurs., This irhibition by ammonium ions is in agreement
with the results of Findlay et al. (130) who first observed
the effect. The stimulatior of P32 irncorporation by the
addition of potassium or the omission of calcium lons 1s
of the same order as the stimulcotion of resniration sug-

gesting that these two effects may be closely related. It



TABLE I

EFFECT OF K', ca’'t AND NHu+ IONS ON THE INCORPORATION OF P2 INTO

PHOSPHOLIPIDS OF RAT BRAIN CORTEX SLICES

Oxygen uptake Phospholipid-P Incorporation Per cent of

k¥ ca't wg * (pl/mg. dry wt., (pmoles/g. of 32 control incor-

(mM)  (mM) (mM) tissue/30 min.) wet wt. tissua)ggozphoigggds* poration

5.2 2.8 0 S.1l 32.0 10,5 100
105.2 2.8 0 8.8 30.8 16.9 161

c.2 0 0 6.9 32.9 .2 135

5.2 2.8 10 | 6.2 - 6.7 ol

Rat braln cortex slices were incubated r 30 minutes at 37°C in modified Krebs medium
III with 10 mM glucose and 20 pc. NaH,P Oly.

The results presented are the average of at least 3 experiments. ,
*Incorporation of P32 1g expressed as total counts in phospholipids/min/100 mg. wet wt.

of tissue divided by counts/hin/ﬁmole of inorganic phosphate in the incubation medium,
and results quoted in this thesis will all be expressed in terms of this parameter.

LS
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can also be seen that the concentration of phospholipid
- phosphorus does not change although the labelling from

inorganic p32 is enhanced.

Time course of the lonic effects.

In order to establish the extent of the ionic
effects on the incorporation of P32 into phospholipids, a
time course study of this effect was performed. The values
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 100 mif of notassium are added to the medium, there is
a marked stimulation of oxygen consumption during the early
stages of incubation which falls off with time. In fact
the oxygen untake during neriods of longer duration than
170 minutes is less than that of the control. With a
calcium-free medium a similar nattern ls observed but the
decrease Iin oxygen corsumption occurs more graduélly and is
less pronounced than in nresence of potassium ions.

The incornorstion of P32 into vhospholinids is
shown in Fig. 3., The rate of P32 incorporation in the
norral medium is almost constant for the first 60 minutes
of incubation anrd then continues at a slower rate as the

incubation is. prolonged to 4 hours. In the presence of
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100 mM potassium lons, the P32 incorporation is markedly
stimulated during the first 30 minutes of incubatlon.
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 mM K* ions. 1In 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** does not cease in 2 hours incﬁbation. 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 calcium-free medium

on the concentration and P3° labelling of nucleotide phosphate,

In view of the above observations as well as the
recognized fact that the degree of incorporation of P32 into
phospholipids 1s dependant not only upon the concentration
of ATP but also on the degree of incorporation of the iso-
tope into ATP, 1t 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 nuclectide phosphaté (7 mnp.) was taken as a measure
of the ATP in the slices and was defined as the amount of
inorganic orthophosphate released from the charcoal absorbed
nucleotides when they are hydrolyzed in N HCl1 for 7 minutes
at 1000cC., The inorganic phosphate fraction thus liberated
consists mainly of the acid labile phosnhate groups of ATP.
This relatively nen-specific method was used because of the
complex determinations required in estimating the concent-
ration of ATP. A time course study of the effect of 100 mM
potassium ions on the level of ATP and on the incorporation
of P32 into the 7-minute nucleotide phosphate was performed.
The results are illustrated in Fig. 4., It can be seen that
the level of nucleotlde phosphate 1n slices incubated in the
normal medium rerains almost constant for 4 hours. In the
presence of 100 mM potassium, a small decrease in the 7-minute
niucleotide phosphate concentration is found after 30 minutes
irenbation and the level of 7mnp. continues to fall at a
constant rate, so that after 4 hours incubation it is only
L0 per cent of the 7 mnp. level in the control medium.

The p32 incorporation into the nucleotide phos-
phate of tissi:e incubated in normal medium increases gra-
dually with time period and reaches equilibrium within ap-
proximately 120 minutes. In the potassiume-rich medium,

the incorporation of P32 into the nucleotide vhosphate is
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stimilated during the first 60 mimites incubation and comes
to equilibrium after this time. The amount of P32 incor-
porated in the K* stimulated tissue after 60 minutes in-
cubation 1s identical to that incorporated in the unstimu-
lated tissue after 120 minutes, It appears, therefore,
that after a certain period of incubation a maximum rate
of P32 incorporation is reached, after which a further incr-
ease 1in nucleotide phosphate labelling does not occur, or
at least i1s not apparent, Ahmed and Scholefield (203)
have reported a similar observation with rat-liver slices.
It 1is possibie that the Ymnn. may equilibrate with the
orthophosphate of the tissue, and after equilitrium is
reached it would not be possible to detect any increased turn-
over since the organic nhosphate would be exchanging with
orthovhosphate of the same snecific activity. The obser-
vation that although the level of nucleotide phosphate is
markedly decreased in the presence of 100 m¥ K+ lons after
2 - 4 hours incubation, and that the incorporation of P32
into the nucleotide nhosphate 1s almost identical to that
of the unstiruilated tissue in which the nucleotide phosphate
level is unimpaired is a naradox.

The results obtained during an incubation period
of 2 - 4 hours throw no light on the relationship between

the labelling of nucleotide phasphate and the labelling of
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Rat brain cortex slices were incubated at 37°C in modified
Krebs medium IIT with 10mM glucose, and 20 pc, NaHoP320.

0, control; e, ¢+ O,1M KC1.

/mnp, concn. expressed as p moles phosphate/g, wet wt, tissue.
Incornoration of P32 into 7mnp. expressed as in Tame 1.
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phospholipids either in unstimulated or stimulated tissue,
However, it is of particular interest to note that after
an lncubation neriod of 30 minutes where the state of equi-~
librium is not yet attained, a marked stimulation in p32
incorporation (Fig. 4) or specific activity (Table II) of
the nucleotide phosnhate is observed in the presence of
100 m K* ions. An analogous effect is slso obtained in
a calcium-free medium and the results are shown in Table II.
Another voint worth mentioning is that after a 30 minute
incubation period, the percentage of stimulation of the P32
incorporaticn into 7mnp. in the vresence of 100 mdM K+ or in
the absence of Cat* ions is relatively identical to that of
the phospholipids labelling and of the oxygen consumption
(Table I, II).

The effect of various concentrations of potassium ions.

The results presented in Table I showed that
there is a striking stimulation of p32 incorporation into
the nhospnholipids of brain cortex slices on addition of 100 m¥
of potassium ions to the incubation medium. This effect
was investigated further by studying a range of concentrations
of potassium ions from 25 to 150 mM. The results vhich are
sresented in Table III, indicate that the addition of potas-

sium ions at concentration of 25 and 50 mM have practically



EFFECT OF THE ADDITION oOF KV

(0.

TABLE II

1M)

OR THE OMISSION OF ca’

+

ON THE LEVEL AND

SPECIFIC ACTIVITY OF 7 MINUTE NUCLEQOTIDE PHOSPHATE IN RAT BRAIN CORTEX SLICES

Expt. 1 Expt. 2 Expt., 3
Condition 7 mnp. Specific 7 mnp., Specific 7 mnp. Specific
Conc. Activity Conc. Activity Conc. Activity
Normal medium [l.6 (100) 30.0x10u(100) 1,52(100) 2&.7x10h(100) 1.7(100) 28.8x10u(100)
+ KCL (0.1M) (1.25(78) 5.0 (180) | 1.17 (76) 39.0 (157) | 1.3 (77) LB.0O (167)
ca*™ free 1.18 (74) yo.o0 (133) | 1.25 (82) 34.6  (140)| 1.3 (77) 36.0  (125)
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.

Specific activity expressed as cts/min/pmole phosphate.

The flgures in parentheses refer to percentages of the normal medium values.
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EFFECT OF

TABLE III

INCREASING CONCENTRATIONS OF K' IONS ON THE INCORPORATION OF P32

INTO THE PHOSPHOLIPIDS OF RAT BRAIN CORTEX SLICES

Oxygen Uptake Incorporation Percentage
Addition Concn. (ul/mg. dry of P32 into . of the
(mM) wt, /30 min.) phospholipids control
Nil - 5.3 10.1 100
KCl 25 6.6 9.9 98
Kcl 50 7.4 11.6 115
KC1l 75 8.8 15.1 150
KCl 100 | 9.0 16.4 162
KC1 125 8.9 14.3 3
KC1l 150 T.1 13.1 130

Rat brain cortex slices were incubated in modified Krebs medium III with glucose 10 mM

for 30 min. at 37°. All vessela contalned 20 pec. NaH2P3 O4, and KCl1l was added as

indlcated.

Results represent mean values of two experiments or more.

*Incorporation P32 expressed as in Table I.

L9
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ro effect on the labelling of rvhospholipids, although an
increase ir oxygen untake identical to that caused by a
calcium-free medium (Table I) is observed, With higher
concentraticns, the stimulatory effect on P32 incorporation
increases rapidly reaching a maximum at 100 mM of K* ions,
and subsequently decreases with concentrations of 125 and
150 M. Since low concentraticns of notassium ions stimu-
late the oxygen consumption but not the incorporation of
P32, it can be suggested that the notassium-stimulated in-
corporation may be linked to factors other than jusf the

increment of the oxidative metabolism.

The effect of various substrates on the incorporation of P32

into brain cortex slices metabolizing gl-ucose.

It is well known that the addition of tricar-
boxylic acid cyecle irtermediates or various substrates such
as glutamate and Y-aminobutyric acid irncreases the oxygen
_consumption of brain slices metabolizing glucose (181, 118,
182, 133,183). The effect of these substances on the glu~-
cose stimulated incorporation of P32 into phospholipids was
investigated and the results are shown in Table IV, It
can be seen that the oxygen uptake is stirulated after an
incubation neriod of 30 minutes, but practically no effect
is observed on the incorporation of P32, Howvever, if the

incubation »eriod is w»rolonged to 2 hours, a marked 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 (30 minutes) Incubation time (120 minutes)
Oxygen Incorporation Oxygen Incorporation
A%ﬁé?ion uptake of P32 into uptake of P32 into "
— (pl/mg. phospholipids (pl/mg. phospholipids
dry wt.) dry wt.)
Nil 5.2 10.2 (100) 19.5 31.0 (100)
Succinate, 10 7.0 11.4  (112) 21.2 16.0 (51)
o -Keto-
glutarate, 10 6.2 10.3 (100) - -
L-glutamate, 10 6.9 9.0 (88) 22.5 12.7  (41)
Y~-amino-
butyric acid, 5 6.2 9.9 (97) 20.6 19.8 (64)
Y~amino-
butyric acid, 10 5.9 7.5 (73) - -

Rat brain cortex sllices were incubated at 37° in modified Krebs medium III with glucose,
10 mM and NaH,P3204, 20 pec. Substrates were added as indicated.

The figures in parentheses refer to percentages of the normal medium values.
Results presented are the average of 3 experiments,
*Incorporation of p32 expressed as in Table I.
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hibition of P32 incornoration is obtained in the nresence
of succinate, glutamate and Y-aminobutyric acid although
the resplratory values at this period of time are still at
a maximum. The inhibitory effect on P32 inccrvoration
observed with glutamote is in agreement with earlier studies
(130). The fact that the inhibitory effects were mostly
observed after long period of incubation (2 hdurs) as
observed above with 100 mM K* ions, emphasizes that although
the oxidative metabolism is enhanced under these condit;ons,
other metabolic nhenomena are taking place which are counter-
acting the stimulatory effect, Therefore, subsequent
studies on the effect of 100 mM of potassium ions or of cal-
cium-free medlium were always determined after a 30 minute

incubation period.

The effect of various substrates on the stimulated-incorporation

of P32 into nhosvholipids

a) Stimulation by potassium-rich or calcium-free media.

The cationic stimulation of brain corfex res=-
piration (11%,123) and the incorporation of P32 into phos-
pholinids of unstimulated slices (103,104,179) take place
only with energy-rroduicing substrotes. It seemed desirable
to excmine the effect of various substrates on the stimulated

P32 incorporation in brain slices in the nresence of 100 pisiy|
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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 glucose or mannose causes the maximal in-
corporation of %32 into the vnhospholipids. Fructose or
pyruvate also increases the P32 labelling, but only to a
limited extent as compared to the former substrates, whereas
glutamate or succinate are almost ineffective. When 100 mM
of K* ions are added to the incubation medium or Ca™" ilons
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 siuccinate there is no cationic
stimulation of P32 incorporation. On the contrary, with
the endogenous or the succlnate-containing medium, a small
but consistent inhibhition of P32 incorporation occurs when
the slices are stimulated. These results emphasize once
more the close parallel that exists between the stimulated
respiration and the stimulated incorporation of P32 into

phospholipids.

B) Acetylecholine-stimulated incorporation of P32 into

nhospholinids,

It has been previously shown by Hokin and Hokin
(47) that acetylcholine stimulates the incorporation of p32



TABLE V

EFFECT OF VARIOUS SUBSTRATES ON THE POTASSIUM~STIMULATED INCORPORATION OF

P32 INTO THE PHOSPHOLIPIDS OF RAT BRAIN CORTEX SLICES

Incorporation of Piz Oxygen uptake

into phospholipids (pl/mg. dry wt./30 min.)
Substrate

(10mM)

Control +KCl1(0.1M) % of control Control +KC1(0.1M) % 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 .7 _ 8.1 172
Pyruvate 4.6 7.2 157 S.h 9.2 170
L-glutamate 3.8 3.6 95 S.h4 5.0 92
Sucecinate 3.4 2.9 85 4.6 3.7 81

Rat brain cortex slices were incubated at 37°C for 30 minutes in modified‘Krebs medium
III with NaH2P320u, 20 pec. Substrates added as indicated.

The results presented are the average of at least 3 experiments.
% Incorporation of P32 expressed as in Table I.
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TABLE VI

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

P32 INTO THE PHOSPHOLIPIDS OF RAT BRAIN CORTEX SLICES
Incorporation of Piz Oxygen uptake
into phospholipids (pl/mg. dry wt./30 min.)
Substrate -t ++
(10 Eﬂ) Control Ca free % of control Control Ca free % of control
Nil 3.0 2.8 9l 3.0 2.7 90
Glucose 10.2 13.9 136 S.1 6.9 135
Mannose 10.8 14.6 135 L.8 6.4 134
Fructose 5.0 6.1 122 h.7 6.1 130
Pyruvate k.6 6.5 1 5.4 7.6 ]
L-glutamate 3.8 3.7 101 S.L 5.3 98
Succinate 3.4 3.2 95 L.6 he2 91

The experimental conditions were as described in Table V.

XIncorporation of P32 expressed as in Table I.
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into phospholipids of brain cortex slices respiring in
glucose. Since an analogous effect was obtained with
potassium-rich or calclum-free medium, it seemed of interest
to undertake a comparative study of these effects and to ex-
anine the factors which also govern the acetylcholine
stimulation,

Preliminary investigations under normal experi-
mental conditions showed that acetylcholine at a concentra-
tion of 2 mM stimulated the incorporation of p32 by approxi-
mately 50% after an incubation period of 2 hours. Although
an effect was cobtained with smaller concentrations of acetyl-
choline, along with a shorter incubation period, the
stimulation was too small and inconsistent to permit a pre-
cise investigation. Subsequent studies with acetylcholine
were thus performed with a concentration of 2 m4 scetylcholine
during an incubation period of 2 hours. The substrates that
support the stirnulatory effect of acetylcholine on the in-
corporation of P32 into the rhospholipids were examined
under these conditlons, 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 ner cent respectively. In the presence of fructose and

glutamate there is no stimulation by acetylcholine, whereas



TABLE VII

EFFECT OF VARIQOUS SUBSTRATES ON THE ACETYLCHOLINE~STIMULATED INCORPORATION OF
P32 INTO PHOSPHOLIPIDS OF RAT BRAIN CORTEX SLICES
Incorporation of Piz Oxygen uptake
Substrate into phospholipids (p1/mg. dry wt./2 hours)
(10 mM)
— Control +ACh % of control Control +ACh % of control
Ni1l 4.8 3.2 66 7.7 g 96
Glucose 29.2 45.0 15l 19.4 21.7 112
Mannose 27.0 40.1 49 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 L.O 69 13.3 12.5 9l

Rat brain cortex slices were incubated at 3700 for 2 hours in modified Krebs medium

III with 20 pc. NaH,P3204, acetylcholine (ACh) 2x10-3M and eserine 3x10=4M,

added as indlicated.

The results presented are the average of at least 3 experiments.

*Incorporation of p32 expressed as 1in Table I.

Substrates

sl
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in the ahsence of added substrate or in succinate-containing
medium the addition of acetylcholine produces a marked in-
hibition of P32 Incorporation into phospholipids, A small
but consistent increase in oxygen consumption also occurs
in the oresence of acetylcholine with the substrates which

support the stimulation of p32 incorporation.

The effect of sodium lons on the increased incorporation of

P32 into phospholipids

The effect of 100 mM potassium chloride on the
oxygen uptake of brain cortex slices is not observed 1f the
normal amount of sodium ilons in the incubation medium is
removed completely or diminished to a certain extent (115,
116,184)., A study of the effect of sodium ions on the
increase of P32 incorporation inte phospholipids by 100 mM
K*, absence of cat? or acetylcholine was therefore undertaken.
The sodium-free medium was obtained by replacing the sodium
phosphate buffer with tris buffer sznd the sodium chloride
by an ecuivalent amount of choline chlofide 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 medium, the complete removal of sodium
ions causes a marked inhibition of the incorporation of P32

into phospholipids, and 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 S3SLICES

Incorporation of sz Oxygen uptake
Na* conen. into phospholipids (pl/mg. dry wt./30 min,)

(mM)

— Control  +KCl (0.1M) ca’’ free Control +KC1 (0.1M) ca'’ free

30 9.7 16.3 (167) 13.0 (134) 4,6 7.5 (163) 6.1 (133)

100 9.2 4.5 (158) 12.L4 (135) 4.5 7.0 (155) 5.9 (131)

33 1.7 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 lncubated at 37°C for 30 minutes in standard Krebs ringer
medium with glucose, 10 mM, tris buffer, 10 mM, pH 7.4 and NaH2P320h, 10 pc.

Na¥ was replaced by an equivalent amount of choline to maintaln the correct osmotic pressure.
The values 1n parentheses refer to percentages of the control values obtalned under the
same experimental conditions.

Results presented are the average of 3 experiments.
Incorporation of P32 expressed as 1n Table I.
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TABLE IX

EFFECT OF Na' ON THE ACETYLCHOLINE-STIMULATED INCORPORATION OF P32 INTO

PHOSPHOLIPIDS OF RAT BRAIN CORTEX SLICES

Incorporation of P%Z Oxygen uptake
N into phospholipids™ (pl/mg. dry wt./
Na  Concn. 2 hours.)

(mM)

Control + ACh % of control Control + ACh

0 37.1 Sh.1 6 17.5 18.9

100 39.3 56.0 12 17.3 18.2

66 35.0 48.0 137 16.9 17.4

33 27.8 32.9 119 lo.1 15.8

0 22.0 23.1 105 15.5 15.6

Rat brain cortex slices were incubated at 37°C for 2 hours in
standard Krebs ringer medium with glucose 10 mM, tris Buffer

10 mM, pH 7.4, NaHoP3204 10 pc., acetylcholine (ACh) 2x10-3M and
eserine 3 x10-UM. "Nat was replaced by choline.

Results presented are the average of 3 experlments.

Incorporation of P32 expressed as in Table I.

8.



79

by the presence of minimum amounts of sodium ions. The in-
hivitory effect on P32 incorporation is not paralleled by an
equivalent inhibition of oxygen uptake. When the effects

of 100 my K* lons 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 calclum ions in a sodium=free
medium produces an effect different from that observed with
the addition of 100 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 p32 incorporated is lower than

that obtained under normal stimulatory conditions.

DISCUSSION

It has been 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). These
concluslions have been confirmed in the present study and have
been extended to cationic stimulated 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 accompanied by a stimilation
of P32 incorporation into nhospholipids and ATP (7 -minute
nucleotide phosphate) although the level of ATP is slightly
decreased. If incubation with 100 mM potassium lons 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. These
results, obtalned after a long period of Iincubation, are in
agreement with earlier studies demonstrating that the addition
of potassium ions has an inhibtitory effect on several meta-
bolic processes of the central nervous system in vitro (126,
130,131,132,135), As a result of the present and of earlier
investigations, it saems likely that two metabolic pheno-
mena take place in brain slices incubated in a notassium=~
rich medium, which are concomitantly influencing the in-
corporation of P32 into the phospholipids.

The first of these phenomena, which results in
the enhancerment of ?32 incorporation, would be a direct
consequence of the stimulated oxidative mechanism initiated
by the presence cof excess potassium ions, Quastel (35)
has'suggested that the ionic movements at the nerve cell
membrane in the presence of 100 mM K* lons may cause a seriles
of reactions involving the accumulation of ADP since it has

been showr: that excitation of the brain results in a drop



81.
in the content of ATP (185) and an increase in the ADP/ATP
ratio (186). The key role played by ADP in the regulation
of resviratory and glycolytic processes is well known.
Therefore, such reactions by accelerating rate regulating
stens would cause the stimulation of respiration of iso-
lated intact brain tissue, and thus affect the catabolism
of hexosephosphate to pyruvate. Kini and Quastel (138)
have also concluded that the stimulatory effect caused by
the addition of w»otassium ions 1s largely directed towards
- the acceleration of a pace-making step, that is, the con-
version of pyruvate to acetyl-CoA. It is possible there-
fore to interpret the stimulation of p32 incorporation into
the phospholipids in the »resence of 100 n¥ X4 ions. The
increased glucose oxidation (187,121) and increased rate
of acetyl-CoA formation lead to a higher level of the avail-
able interrediate compounds, resulting in an accelerstion
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 observed after a 3C minute in-
cubation. In relation to the acceleration of the ciltric
acid cycle, Kini and Quastel (138) found that 100 mM K* ions
stimulate the labellinz from glucose-'-Ci% of varicus amino-

aclds derived fror the citric acid cycle intermediates,
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The second phenomenon which results in an
inhkibition of the incorvoration of P32 into the phospho-
lipids, may be a consequence of the depletion of high energy
phosvhate compounds in the presence of excess potassium |
(126,131). In order to explain this phenomenon it has
been suggested (130,132) thet since much of the cellular
metabolism is directed towards the maintenance of a high
gradient of »notassium ions between the intracellular and
extracellular compartments of the tissue (126), addition
of potassium ions to the incubation medium would lower this
gradient and in an attempt to re-establish it the metabolism
of the brain slices would be directed towards the concent-
ration of mnotassium ions by reactions that are enérgy con-
suming (110). This would result in the lowered avallability
of energy for energy-consuming reactions such as the in-
corporation of P32 into nhospholipids. An alternative
explanation closely related to the above arises from the
suggestion of McIlwaln (20) that the addition of potassium
ions causes depolarization of the nerve cells resulting in
the entry of sodium lons in the cells. Keynes (188) has
concluded that metabolic energy is required to drive the
recovery nrocess responsible for maintalning the low internal
sodium and high internal votassium concentrations in the

nerve cell,
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The »nresent results therefore illustrate the
above two phenomena. In the early stages of the incubation
in the presence of 100 mM potassium ions, the oxygen cone-
sumption as well as the incornoration of P32 into ATP (7 mnp.)
and phospholipids are stimulated although the amount of ATP
(7 mnp.) is slightly decreased, caused by the energy re-
quirement, but is still high enough to support the stimu-
lation of substrates oxidation. As the duration of the-
incubation period is extended, the depletion of ATP (7 mnp.)
increases and hecomes a 1limiting factor for the processes
dependent unon it, resulting in a gradual decrease of the
stirulatory effect, and finally leading to an inhibition
when the amount of ATP is very low, whilich is the case after
4 hours incubation.

The experiments with a Ca** free medium indic-
ate that similar effects to those observed with a potassium
rich redium talke vlace. Perhaps the calcium lack exerts
its effect by a mechanism similar to that of high potassium
ions concentratio=n. Indeed calciurm ions appear to affect
primarily the constraint imposed uvnon movements of vat and
K* across the membrane; they react with and become nart of
the surface structure of the cell (1£9). In this connection
¥eIlwain (20) has surrested that the omission of calcium

ions in the medium causes devolarimtion of nerve cells.,
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The findings that armonium ions or glutamate
irhibit the incorporztion of P32 into the phospholipids of
brain slices metabolizing glucose are in agreement with the
earlier studies of Findlay et al. (130) and of Rossiter (131).
Ammonium iqns and glutamate particinate actively in glut-
amine synthesis, an energy dependent process, and 1n the
presence of these substances the level of ATP (190,204,205)
and of phosphocreatine (200,126,193) is depleted in brailn
slices., Therefore, reactions that are energy requiring,
such as the incorporation of P32 into phospholinids or the
synthesis of acetylcholine (191), are bound to be inhibited
under these conditions, Branganca et al. (192) showed that
inhibitors of glutamine synthesis overcame the inhibition
of acetylcholine synthesls by ammonium ions. Recently
Woodman and MeIlwain (193) found that the rate of break-
down of phosphocreatine in cerebralbtissue on the addition
of glutarate or armonium ions is a very rapid nrocess.

The inhibitory effects observed on the incor-
poration of P32 with the addition of succinate or Y-arino-
butyric acid ( ®BA) parallel the above phenomenon. It has
been showii that the addition of these substrates to brain
slices metabolizing glucose decreases the ability of the
tissues to maintain their level of ATP (190,204) and of
phosphocreatine (193)., This irhibitory effect with GABA
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does not concur with the finding of Tsukada et al. (194)
who reported that GABA stimulates the incorporation of P32
into the phospholipid fractions of guinea pig brain cyto-
plasmic narticulates. The similarity of the inhibitory
effect of GABA with that of glutamate or succinate is a
point of interest. It has been shown that GABA may be
metabolized in brain via transamination with #-ketoglutarate
to yield glutamic acid and succinic semi-aldehyde which is
then further metaboli zd by oxidation to succinic acid (195,
196). In this connection it appears that the inhibitory
effect of GABA on the incorporation of P32 may be due to its
oxidation to glutamate and succinate which then cause a
depletion of high energy phosphate compounds. Another pos-
sible explgnation for the denletion of the labile-~-P in the
tissue by glutamate has been suggested by Rossiter (180).
Brain cortex slices in the presence cof glucose and L-glut-
amate are able to concentrate potassium ions and L-glutamate
within the tissue against a concentration gradient (111,112,
113,), and this process would be expected to deplete the
tissue of high energy nhosnhates., [Elliott and Van Gelder
(197) also revorted that the uptake of GABA can occur against
a concentration gradient,

The stimulation of 232 incorroration into phos-

pholipids in the nresence of 100 mM Kt 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 stimulation 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 stimulatory 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 support the stimulation of the
pyruvate-acetyl-CoA step and therefore ﬁf the incorpor-
ation of P32 into phospholipids as explained above., It
may be mentloned that the synthesis’ of acetylcholine, which
is synthesized from acetyl-CoA, is stirulated by increased
K* ions in the medium (124),

It was found that with the exception of fruc-
tose, the substrates that support the incorporation of P32
into phospholipids in the presence of acetylcholine are the
same as those that support the cationic stimulation. In
this connection, it is of interest to recall the results of
Mann et al. (198) who found that the synthesis of acetyl-
choline by brain slices occurs only in the presence of

glucose, mannose, lactote or pyruvate, There 1is thus a
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similarity between the substrates that will support the
normal incorporation of P32 into phospholipids, (104,179)
the formation of acetylcholine (198) and the stimulation of
P32 incorporation into phospholipids by catlons or acetyl-
choline, in brain slices, These results lead to the con-
clusion that the stimulation of P32 incornoration by cations
or acetylcholine 1s a metabolic phenomenon and is depen~
dent upon an adequate phosphorylating mechanism within the
slices, since the so-called "non energy-ylelding" substrates
glutamate and succinate fail to support the stimulation.

The experiments with scdium-free medium indicate
that the presence of a certain concentration of Na®* ions 1s
required to suvport the normal incorporation of P32 1into
phospholipids as well as the stimulation of p32 incorpor-
ation by 100 M K* ions or by acetylchqline, in agreement
with earlier studies (133,134,202), This svecific require-
ment of Na* lons is obscure and difficult to explain, al-
though it scems likely that the stimulatory effects observed
above are closely linked to the ionic movement of Na* and
K* ions at the cell membrane (20,35). A number of obser-
vations support this hypothesis. It is known that brailn
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



88.
potassium in the tissue 1s increased further in the presence
of 100 m¥ K* ions (112,113). Pappius et al. (199) showed
that the increasedpotassium concentration in the incubated
slices occurs only when sodium ions are present in the medium.
Gore and McIlwain (200) also reported that the omission of
sodium ions from the normal medium results in lowering the
phosphocreatine level in the slices. This latter obser-
vation would help to explain the 1nhibitory effect of a
sodium~-free medium on the incorporation of P32 into phoépho-
lipids (Table VIII) and in phosphoproteins (133) which are
ATP dependent processes., The results of Gore and McIlwailn
(2 00) also lead to the suggestion that the accumlation of
potassium in the slices i1s devendent upon the provision of
high energy phosphate which would be inadequate when Na* ions
are absent as proposed by Pappius et al. (199). It has
also been suggested thzt the accumulation of the potassium
in the tissue 1s a result of the activity of a mechanism
which extrudes sodium and accumulates notassium 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 stirmulatory effect of 100 mM K4 ions would not occur
since the amount of potassium in the slices would be at a

minimm. 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 assocliated with
it.

In contraet to tlie potassium and acetylcholine
results, it was somewhat surprising to find that in a cal-
cium-free medium a stimulation of oxygen uptake and P32 in-
corporation occurs when Fa* is omitted from the medium (Table
VIII). The explanation for this stimulatory effect can only
be a pointvof speculation at nresent. It ray be due to the
fact that the inhibition of oxygen uptake or P32 incorpor=
ation observed in a lNa* free medium does not take nlace when

calcium ions are also omitted from the medium.

SUMMARY

1. The addition of 100 mM KC1l or the omlssion of
CaCl, from the normal incubating medium causes a
marked stirulation of oxygen uptake and a parallel
stimulation of P32 incorporation into phospholipids
of brain cortex slices during the early phases of
incubation, The potassium~-stimulated p32 incorpor-
ation is not observed after an incubation period of
2 hours. Longer neriods 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 reéult in an inhibition after 4 hours
incubation.

The level of 7-minute hydrolyzable nucleotlde
phosphate is slightly decreased after 30 minutes
incubation by the addition of 100 mM KC1l or by the
omission of CaClpy from the medium. This decrease
becomes more marked with incubation neriods of longer
duration. The stimulated incorporation of P32 into
the 7-rinute nucleotlde phosphate gives approximately
the same quantltative plcture as the stimulated in-
corporation into phospholipids by the addition of
100 mM KC1l or by the omission of CaCl, after 30
minutes incubation.

When braln cortex slices respiring in giucose
are incubated in the preseﬁcé of NH,* ions, sucein-
ate, glutamate or Y-aminobutyric acid, a marked
inhibition of P32 incorporation into phospholipids
occurs,

The stimulzted P32 incorporation into phospho-
lipids by the addition of 100 mM 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 omitted from the normal
incubation medium, the incorporation of P32 into
phospholipids is inhibited, The stimulatory effect
of 100 mM K* ions or acetylcholline does not occur in
a sodium~free medium. In contrast, a stimulation
of P32 incorporation is observed in a sodium-free

medium when Ca®™* lons are absent,
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CHAPTER IV

EFFECTS OF METABOLIC IRHIBITORS ON THE STIMULATED

INCORPORATION OF P32 INTO PHOSPHOLIPIDS OF RAT BRAIN

CORTEX SLICES

Introduction

A striking feature of the cationic stimulation
of b?ain cortex slices is to increase respiratory rates to
approximately those found 1ln vivo. Moreover, the cationic-
stimulated sllces 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 in
vivo (35,20). These metabolic and physiological parallels
have focused attention on the mechanism 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 the metabolism of the brain
in vitro. It is now well established that potassium-sti-
mulated train cortex respiration is very sensitive and is
easily suppressed by metabolic inhibitors or low pharmaco-
logically active concentrations of narcoties 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 (201,152,104,
179,131), that this effeet is an energy-dependent phenomenon.
The cationic-stimulated p32 incorporation into phospholipids
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 involved in glucose oxidation, or of a
pace-making step closely associated with it. Since meta-
bolic 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 stimulated'incorporation
of P32 into phospholipids.

In the present chaonter, experiments on the effects
of some metabolic inhibitors on the catlonic or acetylcholine-
stimulated incorporation of P32 into phospholipids are re-
ported, Typical respiratory and glycolytic inhibitors such
as malonate, iodoacetate and fluoride have been studlied. The
effect of some typical central nervous system depressants
like amytal, chloretone and ethanol at concentrations ap-
proximately equal to the narcotizing c mcentrations have

been examined, Finally, the effect of atropine and tubo-



.
curarine, well known acetylcholine antagonists, have also

been studled.
Results

The effect of sodium malonate on the stimulated incorporation

of P32 into phospholivids of brain slices

The addition of 2 mM malonate slightly decreases
the oxygen uptake of brain slices incubated with glucose but
completely abolishes the potassium-stimulated oxygen uptake
as well as that of the calcium-free stimulation, although
to a lesser extent (Table X). This is in agreement with
previous reports in the literature (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 inhibltion when higher
concentrations such as 5 and 10 mM malonate are used. 1In
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 1s the cationic stimulation abolished by
malonate, but the total amount of P32 incorporated is re-
duced to lower values than those of the unstimulated slices.

Since malonate inhibits the oxidation of sucecinate in brain



TABLE X

EFFECT OF MALONATE ON THE STIMULATED INCORPORATION OF P32 INTO PHOSPHOLIPIDS

OF RAT BRAIN SLICES IN RESPONSE TO 0.IM K', ca''FREE OR ACETYLCHOLINE

2
Incorporation of P3 Oxygen uptake
Malonate| into phosgholipids* Perogont (pl/mg. dry weight) Pegrcent Ingigztion
c?;;?. Control +KC1(0.1M) control Control +KC1(0.1M) control (min. )
0 10,8 16.7 155 5.0 8.5 170
2 10.5 11.1 105 4.8 5.0 104 30
5 6.5 h.h4 68 3.4 2.9 86
Ccontrol ca*'free % Control ca**rree %
0 12.3 16.4 133 Yo 6.5 135
2 11.3 13.0 115 4.5 5.6 12y 30
5 7.8 7.1 91 3.4 3.5 103
Control +ACh % Control +ACh -
0 30.0 51.0 170 20.2 22,0 -
2 28.4 39.6 139 18.6 18.9 - 120
S 19-5 2'.'.-9 127 12.2 1205 hd
10 809 903 lOLI. 10.0 9.9 -

Experimental conditions as in Table I. Acetylcholine (ACh) 2 mM was added with eserine 3x10'hM.
Results represent mean values obtalned from 3 experiments.

*Incorporation of P32 expressed as in Table I. O
\n
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slices by competing with succinate for the enzyme succinic
dehydrogenase (206), it makes it a potent inhibltor of the
citric acid cycle. These results indicate, therefore, the
imporﬁance of the role played by the citric acid cycle in
the stimlated 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-
onlec stimulatlon although the inhibitory effect is less
marked. The presence of 10 nM malonate 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 the control value, contrary to what is observed
with the catlonic-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 P32 into nhospholipids of brain sliges

The effect of ilodoacetate and fluoride, two
strong glycolytic inhibitors, was then investigated with
speclial emphasis being placed on the stimulatory effect of

gcetylcholine. 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 0.1M K' OR ACETYLCHOLINE

32 Incub-
Incorporation of P Per cent Oxygen uptake Per cent ation
into phospholipids of (nl/mg. dry weight) of time
Inhibltors Conc. control control (min. )
(M) Control +KC1(0.1M) Control +KC1(0.1M) :
Todoacetate 1072 9.0 12.3 136 4.8 7.7 160 30
Iodoacetate 1074 5.2 2.5 48 o3 3.6 83
Control +ACh % Control +ACh -
None - 31.5 51,6 16l 18.8 19,8 -
Iodoacetate 5x10™> 20.0 28.8 Uyl 15.3 1.6 -
Iodoacetate lO-u 12.7 13.4 105 9.8 9.4 - 120
Na fluoride 1073 23,6 33.5 U2 17.3 17.5 -
Ng fluoride 5x10™7 11.0 12.7 11y 10.1 12,2 -

Experimental conditions as in Table I. Acetylcholine (ACh) 2 mM was added with eserine 3x10_hM.
Results represent mean values obtained from 3 experiments.
*Incorporation of P32 expressed as in Table I.

L6
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agreement with the observation of Strickland (104%), iodo-
acetate and fluoride exert a marked inhibitory effect on the
incorporation of P32 into the phospholipids of unstimulated
brain slices. Iodoacetate (10-41) inhibits the oxygen up-
take by about 12 per cent when the slices are incubated for
30 minutes (experiments with 100 mM K*) whereas the incor-
poration of P32 into phospholipids is decreased by 52 per
cent. After a two hour incubation period (experiments with
ACh) the rate of oxygen uptake, as well as the incorpofation
of P32 ig markedly decreased. These results illustrate
the well known uncoupling property of lodoacetate. Simi-
larly to the stimulated oxygen consumptlon, the potassium-
stimulated incorporation of P32 1s much 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 1s decreased to the endogenous level in the stimu-~
lated tissue when 10-M iodoacetate is used. The acetyl- '
choline stimulatory effect is less sensitive to iodoacetate
than the cationlc stimulation, a result similar to that ob-
talned with malonate, Nevertheless, the acetylcholine
stimulation of P32 incorporation is completely blocked by
10~*Miodoacetate. It can also be seen that fluoride
(103 or 5x10~-3M) exercises a profound inhibitory effect on
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the acetylcholine stimulation of P32 incorporation into

phospholipids.,

The effect of amytal and chloretone on the stimulated in-

corporation of P32 into phospholipids of brain cortex slices.

It is well known that narcotles cause reduced
respiration in the central nervous system in vive (207,
208). Similarly, pharmacological concentrations of nar-
cotlcs nroduce an analogous effect in vitro by uncoupling
vhosphorylation from oxidation (209), resulting in sup-
presslon of the stimulation of neuronal respiration which
is brought about by the addition of 100 mM 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 (10%,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 K¥ ions (or omission of
Ca*+) the addition of either of these narcotics exerts a
marked inhibition of the phospholipid labelling, and the
cationlc stimilztion 1s almost completely abolished in a



TABLE XII

EFFECT OF AMYTAL AKD CHLORETONE ON THE STIMULATED INCORPORATION OF P32 INTO PHOS-

PHOLIPIDS OF BRAIN SLICES IN RESPONSE T0 0.1M K', ca’"FREE OR ACETYLCHOLINE

_ 32
mivtors | s | DSURIBICI ror e tomintuton | JER B0UNG
(min) Control +KC1(0.1M) Control +KC1l(0,1M) Control +KC1(0.1M)
None 10.8 17.2 - - 5.2 9.1
Amytal 0.5 mM 30 9.2 10.3 15 40 3.7 4.0
Chloretone 2 mM 8.6 9.0 20 48 3.1 3.0
Control cat'free control Ca++free Control Ca++freo
None 10.1 13.5 - - 5.0 7.1
Amytal 0.5 mM 30 8.2 9.6 19 29 3.8 4.3
Chloretone 2 mM 8.0 8.3 21 38 3.0 3.2
Control +ACh Control +ACh Control +ACh
None 30.9 50.7 - - 19.8 22.0
Amytal 0.5 mM 120 2.2 31.6 21 38 .l 1.0
Chloretone 2 mM 23.h4 25.9 2l L9 11.1 11.3

Experimental conditions as in Table 1I. Acetylcholine (ACh) 2 mM was added with eserine 3x10'EM.
Results represent mean values obtained from 2 experiments.

32

*Incorporation of P expressed as in Table I.

‘00T
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manner parallel to the inhibition of oxygen uptake.
Similarly, the acetylcholine-stimulated P32 incorporation
is completely suppressed by the addition of 0.5 mM amytal

or 2 mM chloretone.

The effect of ethanol on the stimulated incorporation of

P32 into phospholipids of brain slices

Recent investigations have shown that the addition
of ethanol at small concentrations diminishes the oxygen
uptake of rat brain cortex slices respiring in glucose when
they have been stimulated by the addition of 100 mM K* ilons
(123,210) or by electrical impulses (211,212), In this
respect the inhibition produced by ethanol is similar to
that brought about by other narcotics. However, 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'oiidative phosphory-
lation (213) and it does not affect mitochondrial respiration
in pharmacologically active concentrations (210). Never-
theless, it has been suggested 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 phospholiplds since this bio-
chemical process 1s very sensltive to agents which interfere
with the metabolism of energy-rich phosphates.

The results are presented in Tables XIII and XIV.
It can be seen that at the concentrations tested (0.2 - 0.8M),
ethanol has no inhibitory effect upon the unstimulated oxygen
uptake., However, when 0,6 and 0,8V ethanol are employed,
a small but consistent inhibition of P32 incorporation oc-
curs with the unstimlated tissue. In the presence of 100 mM
potassium ions, an inhibition of the stimulated oxygen con-
sumption as well as P32 incorporation is obtained with 0,2M
ethanol. The inhibitory effect under these conditions in-
creases markedly with increasing concentrations of ethanol,
and the potassium stimulation is almost abolished at 0,8M
ethanol. In the presence of 2 mM acetylcholine, the ad-
dition of ethanol exerts an irhihitory effect on the sti-
milated 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 1IN THE PRESENCE AND ABSENCE OF KCl (0.1M)

Per cent
Ethanol Incorporation of Piz i?hégition Oxygen uptake
concn. into phospholipids stimulation (pl/mg. dry wt/30 min)
(M) Control +KC1(0.1M) Control +KC1(0.1M)
0 11.8 1905 . - 5‘2 900
0.2 12.6 17.9 31 5.7 8.6
0.4 12.0 15,7 52 5.3 7.8
006 1009 1306 65 5.2 7.0
0.8 9.9 - 10.9 87 5.0 5.9

Rat brain cortex slices were igcubated for 30 minutes in modified Krebs medium
III with glucose 10 mM, NaHpP320l 20 pc. and ethanol as indicated.

Results represent mean values obtained from 3 experiments.

*Incorporation of P32 expressed as in Table I.

‘€0t



TABLE XIV

EFFECT OF ETHANOL ON THE INCORPORATION OF P32

INTO THE

PHOSPHOLIPIDS

OF BRAIN CORTEX SLICES 1IN THE PRESENCE AND ABSENCE OF ACETYLCHOLINE

Per cent of
shano1 | fncorporation of BT ofan | | Sveen ustabe )
conc. stimulation
(M) Control +ACh Control +ACh
0 36.8 57.0 - 19.1 21.5
0.2 36.9 54.8 11 19.8 20.5
0.4 35.0 49.3 30 19.5 19.6
0.6 31.5 42.0 L8 18.6 19.0
0.8 29.4 37.1 62 18.4 18.8

Rat brain cortex slices were incubated for 2 hours in modified Krebs medium
III with glucose 10 mM, NaH2P320u 20 pc. and ethanol as indicated.

Acetylcholine (ACh) 2 mM was added with eserine 3x10-uM.

Results represent mean values obtained from l experiments.

*Incorporation of P32 expressed as in Table I.

*Hot
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The effect of atropine, hyoscine and tubocurarine on the

stimulated incorporation of P32 into phospholipids of brain

slices.

Hokin and Eokin (47) demonstrated that atropine
abolishes the stimulatory effect of acetylcholine on the
incorporation of P32 into the phospholipids of guinea-plg
brain slices. In view of the similarity observed between
the cationic and acetylcholine stimulation of P32 incor-
poration, a study of the effects of atropine and some re-
lated compuunds 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
maerked 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 1s 20 times greater than that used by Hokin and
Hokin (47). As might be expected, hyoscine exerts an
effect similar to that produced by atropilne.

'~ In the presence of 100 mM 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

32 Per cent Oxygen uptake
Additions c?gc)m. i;’i;’rﬁﬁ;‘;;;z‘{i;fdﬁ* i’;higlil“m (pl ne. ﬁfg)wt'/
Control + ACh stimulation Control + Ach
None - 29.0 6.1 - 19.4 20.5
Atropine 2x10™> 28.1 38.5 L0 19.0 20.3
Atropine 1074 3.2 41.8 55 19.6 19.4
Atropine 2x10™3 43.0 48.5 68 18.8 19,0
Hyoscine 21(10"5 29.5 41.1 32 19.5 19.5
Hyoscine 107k 33.8 43.2 45 19.1 20.0

Experimental conditions as in Table I. Incubation time 2 hours,
Acetylcholine 2 mM was added with eserine 3x10-hM.
Results represent mean values obtained from 2 experiments.

*Incorporation of P32 expressed as in Table I.

‘90T
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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 4nto phospholipids. On the
contrary, the stimulatory effect produced by 10=-3¥ atropine
on the incorporation of P32 into phospholipids was additive
to that produced by 100 mM4 potassium or calcium=-free medium.

Table XVII shows that tubocurarine has no major
effect either on the oxygen uptake or the incorporation of
P32 into phospholipids of unstimulated cerebral cortex 1n
concentrations between 2x10-5 and 10™34. The effect of
this compound on the potassium~stimulated oxygen uptzke 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 m}¥ potassium or to acetylcholine 1s observed.

DISCUSSION

It was concluded in the previous chapter that
the stimulation of P32 incorporation into phospholipids is
closely related to the stimulation of oxidative metabollism
brought about by the addition of 100 ml K* ions (or omission
of Ca** ions), and that the factors which supvrort 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 INTO

PHOSPHOLIPIDS OF BRAIN SLICES IN RESPONSE TO K' 0.1M OR OMISSION OF CALCIUM

Incorporation of Piz Oxygen uptake

into phospholipids (pl/mg. dry wt./30 min.)
Additions| Conen. ron oy

M Control +KC1(0.1M) Ca free | Control +KC1(0,1M) Ca free

None - 1005 16.0 13.9 503 808 701
Atropine | 2x107° 10.0 16,4 1. 3 5.1 8.7 7.1
Atropine 2x10"u 13.1 18.0 16,5 S.4 8.8 6.9
Atropine | 103 1. 3 19.0 17.3 5.0 8.3 6.8
Hyoscine |2x10™% 11.8 16.9 - 5,3 8.6 -
Hyoscine |10™3 13.5 17.5 - 5.1 8.2 -

Experimental conditions as in Table I. Incubation time;, 30 minutes.
Results represent mean values obtained from at least 3 experiments.

*Incorporation of P32 expressed as in Table I.

‘801



TABLE XVII

EFFECT OF TUBOCURARINE ON THE STIMULATED INCORPORATION OF P32 INTO PHOSPHOLIPIDS

OR_BRAIN SLICES IN RESPONSE TO 0.1M K' OR ACETYLCHOLINE

Incorporation of P22 Oxygen uptake
Tubocurarine | Incubation into phospholipids (pl/mg. dry wt.)
co?;?‘ (;iﬁf) Control +ACh % stimulation Control +ACh
0 29.1 4.0 51 19.2 19.9
2x10™> 30.4 43,6 Ly 19.6 19.3
1074 120 27.0 1.5 5l 19.1 19.9
5x10‘“ 30.9 44.8 45 19.1 20,7
10~3 29.4 42.0 L3 19.4 18.6
Control +£€1(0.1M) % Control +KC1(0.1M)

0 13.0 20.7 59 4.9 8.7
1074 30 13.4 21.0 57 5.0 8.9
1073 14.5 21.8 50 L.6 8.4

Experimental conditions as in Table I. Acetylcholine 2 mM was added with eserine 3x10"hM.
Results represent mean values obtained from at least 2 experiments.
*Incorporation of P32 expressed as in Table I.

‘601
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inhibitors on the stimulated P32 incorporation have been
investigated. The results definitely indicate that the
stimulations produced by cations or acetylcholine are much
more sensitive to the presence of metabolic inhibitors than
are the unstimulated phenomene. 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,
210,10%,179)3 |

In the interpretation of the results obtalned in
studies of the effects of malonate on the normal and potas-
sium (or calcium-free) stimulated incorporation'of P32, the
finding of Quastel et al. (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
dehydrogenase makes it an effective inhibitor of the citric
acid cycle., The inhibition of the incorvoration of P32
into phospholipids in the normal and potessium~-stimulated
brain cortex slices by 5 mM malonate is therefore due to
the lowered availabllity of oxaloacetate required for the
metabolism of pyruvate through the citric acid cycle. This
results in a decreased formation of the energy-rich phos-

phate compounds essential for the labelling and synthesis
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of phospholipids. This point is 1llustrated by the ob-
servation of Parmar and Quastel (121) that the inhibition
by malonate of the potassium-stimulated respiration could
be reversed by the addition of oxaloacetate. The finding
that a low concentration of malonate (2 mM) does not signi-
ficantly affect the labelling of phospholipids in unsti-
mulated tissue 1mplies 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 formationj the condensation of
oxaloacetate with acetyl-CoA being probably increased in the
K+ - stimilated tissue due to the lncreased 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 effécts of 100 mM
K+ ions (or Ca**-free) and by malonate (or other inhibitors).
It was shown in the first chapter that the addition of |
100 mM 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 1s already being

depleted of its energy-rich phosphate compounds to 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 cationlc-stimulated slices in the presence of 5 mM
malonate was of the same order as that obtained in the com-
plete absence of energy producing substrates (Table V).
This hypothesls 1s further supported by the observation of
Kini and Quastel (138) that the increased rate of formation
of radioactive glutamine from glucose-U-Cl%, due to added
100 mM K* ions, 1s much more inhibited by malonate than the
normal rate.

The decrease of the acetylcholine-stimulated
P32 incorporation by the addition of malonate 1llustrates
the ATP requirement of the acetylcholine effect. If the
hypothesis of Hokin and Hokin (52) is correct that the
phospholipld effect in response to acetylcholine is con-
nected with the transport of a* ions during the recovery
process following depolarization, although the mechanism
by which this phenomenon is occurring is still at oresent

obscure, the malonate inhibitory effect can be tentatively
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explained, According to Hokin and Hokin (51), phospha-
tidic acid carries Na* 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 thils eycle 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 abdve 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 stimulation
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 mM 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 stimulated 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 lodoacetate and fluo-
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 amytal and chloretone
1llustrate 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 phosphoproteins (215%)
and glutamine synthesis (136), It has been well estab-
lished that amytal is a highly effective inhibitor of the
oxidation of DPNH and its associated phosphorylation (216).
It therefore appears likely that in the potassium-stimulated
tissue, where the operation of the citric acid eycle is

enhanced and the level of ATP (7mnp.) diminished, the pre-
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sence of narcotics 1s bound to exercise larger inhibition
of phospholipid labelling than in the unstimulated tissue.

The inhibitory effect of high concentrations of
ethanol on the unstimulated P32 incorporation and of low
concentrations on the stimulated P32 incorporation indicate
the interference of this compound with the metabolism of
energy~rich phosphates. This observation is 1n agreement
with the finding of Lindan et al. (217) that ethanol at
narcotic concentrations inhibits glycine incorporation into
brain proteins. Ethanol has also been shown to inhibit the
K*-stimulated formation of radiocactive glutamine from glu-
cose ~U-cllt (128,218).

It was found that atropine abolishes the acetyl-
choline~stimulated P32 incorporation into phospholipids,
whereas the potassium-stimulated incorporation or oxygen
uptake was not affected. The lack of ef'fect of atropilne
on the potassium-stimulated respiration is in agreement with
the earlier finding of McIlwain (219) who also reported that
the electrical stimulation of oxygen uptake is almost com-
pletely abolished by atropine. The results with atropine
suzgest that although 100 mM K* ions (or Ca**-free) and
acetylcholine produce an analogous 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 had
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 (12%,125), Therefore, atropine (or hyoscine) a
highly specific pharmacological antagonist of acetylcholine,
should have abolished not only the acetylcholine~stimulated
incorporation of P32 into phospholipids but also the cationic
stirmlated incorporation, A further polnt of interest
arises from the results obtained with atropine. They con-
firm and emphasize the existence of an uncommon dissimil-
arity between the cationic and electrical impulsesnroperties.

The lack of efféct of tubocurarine on the acetyl-
choline stimulatioﬁ was somewhat surprising and is dif-
filcult to explain in view of the well known antagonism
between these two compounds. Perhans this may be due to

lov permeability of the slices to tubocurarine.

1. The action of some typlcal 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 m¥ KCl or omlssion



117.
of CaClp, the 1lnhibitory effect of these agents is
larger and brings the rate of P32 incorporation to
the endogenous level. The acetylcholine stimulation
of P32 incorporation is abolished in the presence of
these metabolie inhibitors. However, this inhibi-
tory effect is less accentuated than the one observed
with the cationie stimulation.

The addition of the narcotics, amytél or chlore-
tone, at concentrations of 0.5 mM and 2 mM respec-
tively, produces a slight decrease in the labelling
of phospholipids from inorganic P32, The enhanced
p32 incorporation caused by 100 mM K* lons or acetyl-
choline is much more sensitive to these narcotics,

The presence of narcotizing concentrations of
ethanol has no effect on the phospholipid labelling
of unstimulated tissue whereas it inhibits the pot-
assium or acetylcholine-stimulated incorporation.

Atropine abolishes the stimulatory effect of
acetylcholine on the incorporation of P32 into the
phospholipids, but does not affect the cationiec

stimulatory effect.
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CHAPTER V

EFFECT _OF MORPHINE AND OTHER DRUGS OX THE

INCORPORATION OF P32 INTO PHOSPHOLIPIDS OF BRAIN

CRTEX 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 that
arlises from these earlier studies is the almost complete
inability of morphine to affect oxidative processes in brain
in vitro. Morphine has been shown not to influence the
oxidatlon of a number of respiratory substrates (157, 159),
it does not uncouple oxidation from phosphorylation (160,
213), and it has no effect on the potassium-stimulated oxygen
consumption of brain cortex slices (162, 163). 1In this
connection, the effect of morphine differs from that of
other narcotic agents which have a marked inhibhitory 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 other groups of
narcotics (154%). |

A number of studies on the incorporation of P32
into the phospholipids of brain slices have revealed a very

interesting phenomenon. Drugs like acetylcholine or atro-
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pine (47), which have no particular effect on tissue
oxidative metabolism, or tranquilizers (108), at concent-
rations which do not affect the oxidative metabolism of
brain, have been shown to stimulate the labelling of phos-
pholipids from inorganic P32 in brain slices. Moreover,

a number of observations (165,166,167,170,171) suggest that
morphine may interact with the acetylcholine system in brain.
It was therefore declided to investigate the effect of mor-
phine on the incorporation of P32 into phospholipids of
brain slices in order to find a blochemical process which
would be influenced by morphine and which could be related

to the pharmacological 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 Ternenbaum (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 phospholiplids of braln cortex slices. It seemed of
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interest to examine the actlon of morphlne on the acetyl-
choline stimulatory effect, since this phenomenon appears
to be a direct consequence of acetylcholine actien (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 mk. It
can be seen that morphiﬁe has no effect on the oxygen uptake
of brain slices; this observation is in agreement with the
results of Elllott et al. (159). At low concentrations
(0.2, 2 mM), no effect is observed on the incorporation of
P32 into phospholipids. At a higher concentration (5 mM),
morphine causes a stimulation of p32 incorporation of ap-
proximately 30 per cent and this enhancement of phospho-
1ipid labelling is increased to approximately 48 per cent
in the presence of 10 mM morphine. In fact the stimulation
of p32 incorporation at this latter concentration is of the
same order as that obtalned with 2 mM 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 m¥) 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



EFFECT OF

TABLE XVIII

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 Piz ¢

concn. No, of | (pl/mg. dry wt./2 hrs,) into phospholipids

(mM) expts. (Control) Control + ACh

0 6 19.5 31.3 (100) 47.0 (150)

0.2 2 19.1 30.1 (97) 48.1 (154)

2 5 19.8 32.5 (104) 45.9 (146)

5 2 19.4 40.8 (130) 53.6 (171)
10 N 18.0 46.5 (148) 60.4 (193)

Rat brain cortex slices were incubated at 37° in modified Krebs medium III

with 10 mM glucose for 2 hours,

All vessels contained 20 pc NaH2P320h. ‘

Acetylcholline (ACh) 2x10-3M was added with eserine 3x10-hM.

The figures in parentheses refer to percentages of the normal control value
without morphine or acetylcholine.

*Incorporation of P32

expressed as in Table I.

‘Te1
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phospholipids in the presence of these two compounds.

These results indicate that morphine exerts a
similar effect as acetylcholine on the labelling of phos-
pholipids from inorganic P32 and that it does not antagonize
the stimulatory effect of acetylcholine on this labelling.

Effect of morphine on the potassium-stimulated incorporation

of P32 into phospholipids

It has been shown previously that morphine has
no effect on the uptake of glucose and on the oxygen con-
sumption in potassium~-stimulated brain cortex slices (162,
163). However, because of the great sensitivity of the
phospholipid labelling process as observed wlth metabolic
inhibitors (Chapter IV), and because of the stimulatory
effect produced by morphine on the incorporation of P32 as
observed above, preliminary studies of the effect of morphine
on the K¥-stlmulated incorporation of P32 into phospholipids
were undertaken., It was observed that 2 or 10 mM morphine
does not inhibit the K‘—stimulated incorporation of P32 into
phospholipids. On the contrary, the Kt-stimulated P32 in-
corporation was always further increased by the addition of
morphine, even at a low concentration such as 2 mM, which
has no effect on the incorporation of P32 in unstimlated

tissue. Moreover, this stimulatory effect of morphlne
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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 1lncorporation of
P32 into phospholipids of K*-stimulated slices.

A time course of the effect of 2 mM 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 unstimlated tissue
increases with the duration of the incubation periéd. With
the addition of 2 mM morphine, the incorporation of P32 is
not affected. In the K¥-stimulated slices, a marked incr-
ease of approximately 60 per cent is obtalined after a 30
minute incubation, The X*t-stimulated incorporation of p32
subsequently decreases with time, and after 2 hours incub-
ation it is negligible. After 3 hours incubation, the P32
incorporation in the presence of 100 mM K* 1lons 1s inhlbited
as compared to the normal p32 incorporation in the control
medium,

When 2 mM morphine 1s added to the potassium~rich
medium a strikling effect is observed. It appears as 1if the
decrease of the K*-stimulated incorporation of P32, which
occurs with the duration of the incubation period, is in-

hibited by morphine. Indeed, after a 30 minute incubation
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TIME COURSE OF THEZ EFFECT OF 2mM MORPHINE O THE

INCORPORATION OF P32 INTO PHOSPHCLIPIDS OF BRAIN
SLICES IN THE PRESENCE AND ABSENCE OF 0.1 M KCl
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Rat brain cortex slices were incubated at 379C in modified
Krebs medium III with 10mM glucose and 20 jpe, NaHpP320y.
Additions: O, nil; A, 2mM morphine;

e, O.1IM KCl@ A, 2mN morphine and 0.1M KC1.

Incornoration of P32 into phospholipids expressed as in
Table I.
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when the K*-stimulated P32 incorporation 1s at its maximum
(60%), the addition of morphine only produces a slight
stiruletion (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 stirmulatory effect produced by the addition
of morphine to K*-stimulated sliceé was further tested
through a concentration range of 0.2 to 10 mM 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 mM 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 mM exerts no effect on the incorporation of p32
in the unstimulated tissue. In the presence of 100 mM
potassium ions, the addition of 0,2 and 2 m} morphine
causes stimulations of 17 and 40 per cent respectively.

With 5 and 10 mM morphine, stirmlations of p32 incorporation



TABLE XIX

2

EFFECT OF MORPHINE ON THE INCORPORATION OF P3 INTO PHOSPHOLIPIDS OF

BRAIN CORTEX SLICES IN THE PRESENCE AND ABSENCE OF KCl (0.1M)

Incubation time 60 minutes Incubation time 120 minutes
Incorporation of Piz Incorporation of sz
Morphine into phospholipids into phospholipids
concn.,
(mM) g;t Control  +KC1.(Q,1M) No., Control +KCL (0.1M)
pt. expt.
0 L 21,0 (100) 27.3 (130) 16 30.5 (100) 29.4 (96)
0.2 2 20.1 (96) 27.8 (132) L, 30.8 (101) 35.6 (117)
2.0 4 22.8 (108) 32,0 (152) 13 31.7 (105) 42.5 (140)
5.0 - - 2 39.9 (131) 48.5 (159)
10.0 2 28.5 (136) 38.7 (18L) 4 L45.0 (147) S4.0 (177)

Rat brain cortex slices were incubated at 37° C in modified Krebks medium III
with glucose 10 mM for the period of time indicated.

All vessels contained 20 pc.NaHZPBZOM. Morphine and KC1l 0.1M were added as
indicated.

The figures in parentheses refer to percentages of the normal control value
without morphine and KCl.

*Incorporation of P32 expressed as in Table I.

921
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of 31 and 47 per cent respectively are obtailned in the
unstimulated tissue and these increments are further in-
creased to 59 and 77 per cent respectively in the K#-sti-
milated tissue,

It can also be seen that in experiments carried
out during a 60 minute incubation period, where the presence
of 100 m¥ K* ions produces a 30 per cent stimulation of the
incorporation of P3‘2 into phospholipids, the addition of 2
and 10 mM morphine further increases this stimulation
caused by 100 mM K* ions. However, after a 60 minute in-
cubation period, the stimulatory effect produced by mor-
phine is smaller than that observe@ after 120 minutes of
incubation.

The effect of various concentrations of morphine
on the K*-stimulated oxygen consumption 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 m¥) 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 FEFFECT OF MORPHINE ON THE

OXYGEN UPTAKE OF BRAIN CORTEX SLICES IN THE

PRESENCE AND ABSENCE OF 0O.1M KC1
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Rat brain cortex slices were incubated at 37°C in modified
Krebs medium III with 10mM glucose,

Additionss ©, nily 4, 2mV morphine; O, 10mM morphine;

®, 100mM KCl; &, 100m}M KC1l « 2mM morphine; ® , 100mM KC1
10mM morphine.

Oxygen uptake expressed as =Q0p 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
Kv-stimulated P32 incorporation itself which occurs with
time (Fig. 9). Subsequent studies were undertaken in order

to elucidate thls effect of morphine in K*-stimulated slices.

The effect of eserine on the incorporation of P32 into

phospholipids in the presence and absence of 100 mM potassium.

Mann et al. (124) have shown that increasing the
potassium ion concentration in the medium surrounding 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 mM potassium ions could bdbe
the result of an acetylcholine effect, resulting from an
increased synthesls of acetylcholine due to potassium ions
and from the inhibition of cholinesterase by morphilne. In
fact, the morphine stimulatory phenomenon in K*-stimulated
tissue possesses some characteristics of the acetylcholine
effect, 2 m¥ 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 incorroration 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 slices
was studied. The results are shown in Table XX. It can
be seen that eserine (0.15 to 5'EM) has no effect either
on the unstimlated or stimulated oxygen uptake of brain
cortex slices. At concentrations of 1.5 and 5 mM, eserine
stimulates the incorporation of_P32 into phospholipids by
approximately 20 per cent. In-the presence of 100 mM K*
lons, 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 100 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 view of the negative results obtained with
eserine; it was decided to determine if the stimulatory
effect of morphine in the presence of 100 mM K* ions might

not be the result of an inhibition of the decrease of the



EFFECT OF ESERINE ON THE INCORPORATION OF

TABLE XX

P32 INTO PHOSPHOLIPIDS OF

BRAIN CORTEX SLICES IN THE PRESENCE AND ABSENCE OF KC1 (0.1M)
Eserine Incorporation of Péz Oxygen uptake
Expt. cogcn into phospholipids™ (pl/mg. dry weight/2 hours)
No. °
(mM) Control + KC1l (0.1M) Control + KC1 (0.1M)
- 32.4 (100) 34.0 (105) 19.8 25.1
0.15 34.0 (105) 33.5 (103) 19.5 2.3
1 1.5 Lo.1 (124) 38.7 (120) 18.6 26.0
5.0 39.3 (121) L1.0 (126) 18.0 27.3
- 29.1 (100) 27.8 (95) 19.4 2.5
0.15 30.4 (104) 29.3 (101) 19.6 25.3
2 1.5 34.6 (119) 32.0 (110) 19.0 25.1
5.0 36.1 (124) 33.9 (116) 18.4 26.7

Rat brain cortex slices were incubated
Eserine and KCl 0.1M were added as indicated.
The figures in parentheses refer to percentages of the normal control value with-

out eserine and KCl.

for 2 hours as described in Table XIX.

*Incorporation of P32 expressed as in Table I.

‘TET
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potassium~-stimulated P32 incorporation, since the morphine
stimulation lncreases when the potassium stimulation de=
creases (Fig. 9). It was shown in the first chapter that
the decrease in the potassium-stimulated P32 incorporation,
which oceurs with the duration of the incubatlon period,
is accompanied by a concomitant decrease in the concentration
of 7-minute nucleotide phosphate, It was, therefore, of
interest to study the effect of morphine on the level of
7-minute nucleotide phosphate in order to see if the mor-
phine stimulatory effect 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 7mnp. in the unsti-
mulated tissue, When the 7mnp. level is decreased by ap-
proximately 35 per cent in the presence of 100 mM K* lons
after 2 hours incubation, the addition of morphine does not
produce any change in the level of 7-minute nucleotide
phdsphate. Table XXI also shows the effect 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

nrorphine-treated rats

The effect 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-minute nucleotide phosphate
(pmoles/g. wet weight tlssue)

Additions

Expt. Expt., 2 Expt. 3 MEAN
Nil 1.5 1.68 1.55 1.58
Morphine 2 mM 1.64 1.5 1,73 1.62
Morphine 5 mM 1.48 - - -
KC1l 100 mM. 1.0 1.2 1.04 1,08
KC1l 100 mM + Morphine 2 mM 1.12 1.21 1.15 1.16
KCl 100 mM + Morphine 5 mM 0.95 - - -
Acetylcholine 2 mM 1.52 1.57 1.68 1.59

Experimental conditions as described in Table XIX.

Incubation time 2 hours,

€€t
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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 phosnholipids 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

of 0.1 ¥ KC1.

Nalorphine, whose chemical structure is closely
akin to that of morphine, has the ability of antagonizing
many of the pharmacological properties of morphine (220,
221). It Qas of interest to investigate the action of
nalorphine on the morphine stimulatory 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 incorporation of 132 into phospho-
lipids of normal brain slices. With the KT-stimulated
slices, after 2 hours incubation, nalorphine (0.5, 2mM)

stimulates the incorporation of p32 by approximately 15 and
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TABLE XXII

THE EFFECT OF MORPHINE ON THE INCORPORATION OF P32

INTO PHOSPHOLIPIDS OF K'~STIMUIATED BRAIN SLICES FROM

NORMAL AND MORPHINE~TREATED RATS

- Morphine Incorporation of P32
Expt. %gded into phospholipids®
vessels Control +KC1 100 mM
(mM)
1 Normal rats - 28.1 26,2
2 29.8 0.6
Morphine-treated rats - 31.4 31.6
2 30,2 3.0
2 Normal rats - 3.6 35.4
2 37.0 hé.4
Morphine~treated rats - 32.8 33.5
2 35.7 u7w3:
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 & 31.1 (100)30.3 (97)
2 32.9 (106)4l.1 (142)
Morphine-treated rats - 31.8 (102)32.6 (105)
2 “33.8 (108)43.8 (140)

Braln cortex slices from normal or morphine treated rats were
incubated in modified Krebs medium III with glucose 10 mM,
NaH,P320l, 20pc, KC1 100 mM, and morphine 2 mM as indicated
for 2 hours.

Pigures in parentheses refer to per cent of the control medium
(normal rats without added KCl or morphine).
32

*Incorporation of P expressed as in Table I.



TABLE XXIII

EFFECT OF NALORPHINE ON THE INCORPORATION OF P32 INTO PHOSPHO-

LIPIDS OF BRAIN CORTEX SLICES 1IN THE PRESENCE AND ABSENCE OF

0.1M KCl AND 2 mM MORPHINE

Additlons Incorporation of Piz
Expt. Morphine Nalorphine into phospholipids
(mM) (mM) Control + KC1 (100 mM)
- - 33.1 (100) 30.5 (92)
2 34.2 (103) 4.5 (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)
- - 35.04 (100) 34.9 (98)
2 - 34.3 (97) 48.8 (138)
II - 0.5 37.0 (105) 42.5 (120)
- 2 35.6 (100) 51.6 (146)
2 2 39.8 (113) 58.4 (165)

Rat brain cortex slices were incubated for 2 hours as indlcated 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.

‘9tT

%Incorporation of P32 expressed as in Table I.
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45 per cent in a manner parallel to the stimulation brought
about by the addition of morphine. When 2 mM morphine
and 2 mM nalorphine are added together a small increase in
the incorporation of P32 into phospholipids of unstimulated
tissue 1s observed. In the presence of 100 mM KT ions,
the addition of 2 mM morphine and 2 mM nalorphine produces
a marked increase in the labelling of the phospholipilds.
This increase 1s greater than the individual increase due
to morphine or nalorphine alone, These results indicate
that nalorphine produces an effect similar to that of mor-
phine on the incorporation of p32 in K*-stimulated tissue,
and that it does not have an antagonistic effect on the
latter stimulation..

The effect of tofranil on the incorporation of P32 into
phospholipids
Abadom et al (222) demonstrated that the bio-

chemlcal effects of tofranil on mitochondrial and tissue
metabolism are similar to those produced by chlorpromazine
although the pharmacological properties of these drugs are
different. It has been shown by Magee et al (108) that
the addition of chlorpromazine, at a concentration of lo’hM,
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 mM) tofranil
has only a slight inhibitory effect on the oxygen consump-
tion of slices whereas 0.5 mM tofranil strongly inhibits
the oxygen uptake, in agreement with the results of Abadom
et al (222). However, although the addition of 0.05 or
0.1 mM tofranil does not affect significantly the respir-
ation of brain sllices, 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, 0.5 mM tofranil exerts a marked inhibitory effect
on the labelllng of phospholipids.

DISCUSSION

The results 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 metabolism 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 concentrations of morphine.



EFFECT OF TOFRANIL ON THE INCORPORATION OF P2

TABLE XXIV

INTO PHOSPHOLIPIDS

OF RAT BRAIN

CORTEX SLICES

 —

Tofranil Experiment 1 Experiment 2 % g;an
T (R SRR Foeer [SVEER SRPRCIRGT, Fembror | “effes
phospholipids phospholiplds
0 19.8 28,4 100 19,2 30.1 100 100
0.05 [19.1 140. 0 11 19.0 1,0.9 136 139
0.1 18.3 L6.9 165 18.6 52.5 175 170
0.5 12.1 11.3 .40 10.7 10.6 35 37

Rat brain cortex slices were incubated 1n modified Krebs medium
NaH2P320h, 20 pc. and tofranil for 2 hours.

Oxygen uptake expressed as pl/mg. dry wt./2 hours,

*Incorporation of P

expressed as 1in Table I.

III with .glucose 10 mM,

‘6ET
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With the potassium-~stimulated brain slices, which were shown
in the previous chapter to be much more sensitive to narco-
tlcs than the unstimulated tissue, the addition of morphine
does not exert any inhibitory effect. This inabllity of
morphine, even at a concentration of 10 mM, to inhibit the
potassium-stimulated oxygen consumption and the incorpor-
ation of P32 into phospholipids is in sharp contrast to 1its
effect on the electrically stimulated oxygen uptake., Bell
(16%4) has reported that the increased oxygen consurption
and lactic acid formation associated with electrical stimu-
lation 1s inhibited by 1 mM morphine, a concentration which
1s without effect upon unstimulated tilssue. In this con=-
nection, the results obtained above with morphine are of
particular interest in that they illustrate a marked dif-
ference between the potassium and electrical stimulation
phenomena which have always been closely assoclated (35,20).

A striking feature which arises from the present
results is the stimulatory property of morvhine on the in-
corporation of P32 into phospholipids of unstimulated and
potassium-stimulated slices although the concentration of
morphine required to produce such an effect is quite high.
The stimulatory effect of 10 mM morphine on the phospho-
1ipid labelling is somewhat similar to that of acetylcholine,
and 1ts effect is additive to that produced by acetylcholine.
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This morphine behavior resembles that of high concentrations
of atropine (10-3 - 10™2M) which stimulate the incorporation
of P32 and do not completely aholish the acetylcholine
stimulatory effect on phospholipid labelling (47),  How-
ever, in contrast with atropine, low concentrations of
morphine have no inhibitory effect on the acetylcholine
stimulation.

The results on the effect of worphine on the in-
corporation of P32 into phospholipids in potassium-stimu-
lated slices reveal the peculiarity of the drug in being
much more sensitive under these conditions., Moreover,
the stimulatory effect of morphine anpears to increase con=-
comitantly with the decrease of the »notasslium stimulstion
with time. It seems likely that the mornhine effect is
gradually increasing with time and is not the result of an
inhibition of the decrease of the potassiur-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 P32 incorporation has been reported
to increase by only 12 per cent during one hour incubation
as compared to 68 and 82 per cent during two and three hour
incubations, respectively (47), The fact that the 7-

rinute nucleotide phosphate concentration as well as the
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oxygen uptake are not affected by either morphlne or ace-
tylcholine, suggests that the mechanism of action of these
two compounds on the labelling of phosnholipids from in-
organic p32 may be analogous.

The results ottained with eserine on the incor-
poration of P32 into phospholiplds with votassium~stimulated
slices are in good agreement with the previous findings on
the effect of atropine on the incorporation of P32 4nto
phospholipids of K*-stimulated tissue (Table XVI). These
results clearly surgest thuf the effect of 100 mM KT ions
on the incorporation of P32 into phospholipids 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 inhivited respectively the incornoration of
p32 into phospholiplds in the presence of 100 mM K* ions,
since they respectively sunport and inhibit the stimulation
of P32 incorporation produced by acetylcholine in brain
slices (47). This does rot mean that the addition of
potassium ions to the medium does not stimulate the acetyl-
choline synthesls in brain slices, tut that the stimulation
of P32 incorporation into phospholipids by 100 mM 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 1t is not antagonizing the stimulatory effect of
morphine but together with morphine produces an additive
effect. This analogous and additive effect of nalorphine
and of morphine in vitro is in agreement with earliler re-
sults (163) showing that morphine and nalorphine respectively
inhibit cholinesterase and that the combined effects of
these two drugs are additive. The above firndings with
nalorphine suggest that the morphine effect on P32 incor-
poration has no pharmacological significance. This con-
clusion is further supported by the experiments nerformed
with morphine-treated rats in which no effect is ohserved
on the incorporation of P32 into phospholipids. These
negative results with morphine-treated rats are not sur-
prising if one considers the concentration of morphine found
in the brains of animals following administration of non-
fatal doses of the drug. Miller and Elliott (223) found
a concentration of anproximately 0.001 - 0.002 mM rorphine
in rat brain after a dose of 5 mg./kg. In the present
study, concentrations of rorphine larger than 0.2 mM are
necessary to.produce an effect on the incornoration of P32
into K*-stimulated brailn slices.

The stimulatory effect of tofranil on the in-
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cornoration of P32 into phospholipids at low concentrations
is analogous to that reported for chlorpromazine (108),
These results are in agreement with the findings of Abadom
et al (222) who demonstrated that tofranil exerts similar
effects to those of chlorpromazine in inhibiting oxygen
consumption, the uptake and incorporation of glycine-l-cl)+
in brain cortex slices as well as 1n uncoupling oxidation
from phosphorylation.. The results obtalned with tofranil
are of particular Interest since they illustrate the sti-
mulatory effect of another compound on the incorporation of
P32 into phospholipids without stimulating the oxidative
metabolism of the brain slices, As previously mentioned,
acetylcholine and atropine (L47), chlorpromazine and azacy-
clonol (108), ouabain (224), digitoxin (225), morphine and
nalorphine, all produce similar effects.

It may be concluded from the present study that
rorphlne, nalorphine and tofranil exert a strong stimul-
atory effect on.the incorporation of P32 into phospholipids
of braln cortex slices without affecting the factors which
usually govern the incorporation of P32 into phospholipids.
In this connection, their effect on the phospholipid label-
ling 1s very similar to that produced by acetylcholine which
is being thoroughly investigated at the nresent time and
which appears to be involved in ion transport (51.52).
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SUMMARY

1. Morphine does not significantly affect the
normal or the potassium-stimulated oxygen uptake of
rat braln cortex slices at concentrations ranging
from 0.2 to 10 mM.

2. Morphine does not affect the incorporation of
P32 into phospholipids of brain slices at low con-
centrations (0,2 - 2 mM)., There is, however, a
marked stimulation of P32 incorporation produced by
morphine at concentrations of 5 and 10 mM.

3. Morphine does not significantly affect the sti-
mulation of p32 incorporation into nhospholipids
caused by 2 mM acetylchollne.

L. In the presence of 100 mM potassium ions, mor-
phine does not inhibit the stimulated p32 incorpor-
ation. On the contrary, it exerts a slight stimu-
latory effect whieh is additive to the potassium
stimulation. The stimulatory effect of morphine
increases with the duratlon of the incubatlon period,
while the stimulatory effect produced by 100 mM
potassium ions decreases with time,

5e Eserine exerts a small stimulation on the in-
corporation of P32 into phospholinids of unstirulated

slices. In the presence of 100 mM potassium lons,
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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,

Ralorphine (2 mM) has no effect on the incor-
poration of P32 into phospholipids of unstimulated
slices. In the presence of 100 mM potassium ions,
nalorphine exerts a stimulatory effect on the in-
corporation of p32 similar to that produced by
morphine. However, nalorphine does not antagonize
the stimulatory effect produced by mornhine,

Tofranil at low concentrations exerts a
stimulatory effect on the incornoration of P32 into
phospholipids of brain slices whereas at higher

concentrations it causes an inhibition.
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CHAPTER VI

GENERAL DISCUSSION

Since the establishment of the wvarious pathways
of phospholipid synthesis in brain, one of the principal
fields of interest has been the elucidation of the functions
of phospholipnids in living organisms. There are an in-
creasing number of observations which suggest that nhospho-
1lipids may play some role in ion transport (41 - 46, 51, 52,
6). The cationic stimulation of P32 incorporation into
phospholipids, observed in the present and previous studies
(201, 134%), may simply be looked upon as a relationship
between alterations of the general oxidative metabolism of
the brain slices and the incorporation of P32 into phospth
lipids, which is closely 1linkod to the former mechanism.
However, a number of facts suggest that it 1s not unreasonable
to think that the cationic stimulated p32 incorporation into
phospholipids 1s concerned with the ionic movement at the
cell membrane and lmplicated in lon transport.

The main features which arise from the present
work 1s the similarity between the effects of 100 mM potassium
ions (or Ca**+ free medium) and acetylcholine on the in-
corporation of P32 into phospholipids (Table XXV). Although
the above substances which stimulate P32 incorporation are

different, they appear to be producing thelr stimulatory
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TABLE XXV

OF _0.1M XcCl

148,

AND ACKTYICHOLINE

ON _BRAIN

CORTEX VMETABOLISM

2e

3.

10.

1.

Oxygen uptake with succinate 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
succlnate or glutamate

Incorporation of P32 into phos-
pholipids in presence of glcose
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 /-minute
nucleotide phosphate

Incorporation of P32 into 7 -
minute nucleotide phosphate

Incdrporation of P32 into
phosphatidic acid

Incorporation of P32 into phos-
pholipids in presence of
glucose and sodium~free medium

Metabolic Process KCl, O.1¥ | ACh, 2mM
1. Oxygen uptake with glucose or
pyruvate as the substrate Increased | No effect

No effect
Increased
No effect
Decreased
Decreased

No effect
Decreased

Increased

Incregsed

(134)

Fo effect

o effect

Increased

No effect

Decreased

Decreased

Decreased

No effect

Increased

(67)

No effect
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effect through a common biochemical mechanism.

It was shown that the additlion 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 P32 into phospholipids and
7-minute nucleotide phosphate (ATP) after a 30 minute
incubation period, In view 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 nM K* iors (or omission of Ca** ions) differs from
that produced by dinitrophenol (DNP). On the basis of
the sinilarity of the effects of excess potassium and DNP
in increasing the rates of oxygen consumption and glycolysis
and decreasing the incornoration of P32 into phospholipids
(after long periods of incubation) of braln slices, the
suggestion had arisen that'potassium ions might uncouple
oxidation from phosphorylation like DNP. Yoshida and
Nukada (134%) demonstrated that DNP, although it stimulates
the oxygen uptake, inhibits the incormoration of P32 into
phospholipids even after a 30 minute incubation. Kini

(218) has also reported that 100 mM potassium ions
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stimulate the synthesls of glutamine from glucose-U-ClH
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 1t
is accumulated against a concentration gradient.

Cationic or acetylcholine stimulation of p32
incorporation into phospholipids was shown to occur only
in the presence of high energy substrates or under conditions
where the oxidative phosphorylation is maximum since, under
circumstances where the formation of energy-rich bonds is
inhibited, the stimulation is also inhibited. Moreover,
these two stimulatory phenomena were also shown to be
closely linked to the presence of sodium ions in the medium.

Yoshida and Nukada (13%) have reported that the
potassium stimulation of p32 incorporation into phospho-
lipids occurs mainly in the phosphatidie acid fraction.
Similarly, Hokin and Hokin (67) have also shown that the
acetylcholine stimulation of P32 incorporation into phos-
pholipids takes place in phosphatldic acid and phospho-
inositide. :

Two pogsible interpretations may be of fered for
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the 1lncreased incormoration of P32 into phosnholipids in
response to 100 mM potassium ions. First, it is possible
that the increased labelling of phosphatidic acid by the
addition of 100 mM K* ions is the result of an increased
de novo synthesis of phosphatidic acid through dihydroxy-
acetone phosphate and X-glycerol phosphate, due to in-
creased glucose oxidation caused by K+ ions. However, the
fact that pyruvate supports the stimulation of P32 incor-
poration to the same extent as glucose may be clted as
evidence against the above possibillity, since this substrate
does not lead directly to the synthesis of phosphatidic acid
through dihydroxyacetone phosvhate. The same objection
could be applied to an alternctive route of phosphatidic
acid formation, previously postulated (65, 67, 68, 226, 6)
that is:

glucose e« glycerol + ATP —— X~-glycerol phosphate

— phosphatidic acid
Pritchard (132) has also demonstrated that the incorporation
of glycerol-1-Cl% into phospholipids of brain slices is
markedly inhibited in the presence of 65 or 124 mM
potassium ions. Although Pritchard's experiments were
carried out for two hours and cannot be compared with 30-
minute experiments, his finding that the incorporation of
glycerol-1-C1% is inhibited approximately 73 per cent in

the presence of 65 mM K* ions is of interest, since the
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incornoration of P32 ynder similar conditions is practically
not affected (131). Nevertheless, subsequent experiments
are necessary to solve this question unequivocally.

The second possible interpretation for the stimu-
lation of P32 incorporation in response to potassium ions
is that the phospholipid effect represents an increased
turnover of phosphate in preformed phospholipids (or
phosphatidic aeid) and not an increased net synthesis. In
this respect the glycerol-phosphate bond would be cleaved
and resynthesized.

It has been suggested (20, 35) that the exposure
of the cells to an environment with a cationic balance
dif ferent from the normal presumably affects ionic movements
at the nerve cell membrane resulting in depolarization,
¥eIlvain (126) has suggested that much of the cellular
metabolism is directed towards the maintenance of a high
gradient of potassium between the intracellular and extra-
cellular compartments of the tissue, The presence of
100 m} potassium ions in the incubation medium would lower
this gradient and cause depolarization resulting in the
entry of sodium in the nerve cell. The me tabolism of
the cell would be directed to re-establish this gradient
by extrusion of sodium ions from the intracellular fluid
during the recovery process and presumably by concentrating

potassium lons.
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On the basis of these considerations and by
analogy with the acetylcholine effect, which has been linked
with the active transport of sodlum 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 simllar mechanism. This mechanism would
therefore imply, as illustrated by Hokin and Hokin (51) in
thelr scheme, that phosphatidic acid is hydrolyzed by
phosphatidic acid phosphatase and resynthesize=d through a
diglyceride kinase, resulting in an lncreased turnover of
phosphate. In this connection, it is noteworthy to mention
that protoveratrine, which produces similar effects as those
produced by 100 mM potassium ions on brain cortex metabolism
(227, 139, 218), also stimulates the incorporation of P32
into phospholipids (218) . It is well knoun (228) that
the veratrine alkalolds bring about marked 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 phospholiplds are characterized by a common factor;
i.e., the inability of these compounds while producing
their stimulatory effect, to affect the oxidative metabolism

of the brain slices which 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 concerned with the synthesis of phospholiplds.™
The stimulation of P32 incorporation may also be considered
to involve membrane phospholipids and thus & permeability
process might be implicated. By analogy with acetylcholine,
the increased incorporation of p3e may be associated with
the transport of a specific cation or substrate across the
cell membrane,

In conclusion it may be said that although the
mechanism of the stimulation of P32 incorporation into
phospholipids by various agents is still at present obscure,
the elucidation of thilis stimulatory phenomenon may well

elucidate the function of phospholinids in ion transport.
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CLAIMS TO ORIGINAL RESFARCH

The addition of 100 mM potassium or the omission of
calciur ions from the incubation wediumr stimulates the
incornoration of P32 into 75minute nucleotide phosphate
of rat brain cortex slices in a manner similar to the
effect produced on oxygen consumption and phospholipid
labelling, after a 30 minute incubation period.

The addition of 10 mM succinate or 5 mM Y-aminobutyric
acid to rat brain cortex slices metabolizing glucose
does not significantly affect the incorporation of

P32 into phospholipids after an incubation period of

30 minutes.,. A marked inhibition of phospholinid
labelling is observed in the presence of these substrates
after an incubation period of 2 hours.

The stimulstion of P32 incorporation into phospholinids
of brain slices by a clcium-free medium is found to
occur only with glucose, manhose, fructose or pyruvate
as substrates, but not in the presence of glutamate or
succinate,

The rerioval of sodium chloride from the incubation
medium and its replacerment by choline chloride exerts
an inhibitory effect on the incorporation of P32

into phospholipids of brain cortex slices. The
stimulation of P32 incorporation produced by 2 mM
acetylcholine is not observed under these incubation

conditions unless a minimum amount of sodium
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chloride is present. In a sodium~free medium, the
omission of calcium ions produces a stimulation of P32
incorporation into phospholipids.

The addition of iodoacetate and ethanol blocks the
stimulation of P32 incbrporation into phospholipids
brought about by 100 mM KC1. Similarly, addition of
malonate, amytal and chloretone inhibits the stimulation
caused by the omission of calcium ions in the incubation
medium, In the presence of malonate, ilodoacetate,
fluoride and ethanol, the stimulation by acetylcholine
of p32 incorporation into phospholipids of brain slices
is abolished. The inhibition produced by these
substances 1is greater in the cationic~-stimuleted than

in the acetylcholine-stimulated P32 incorporation.

The addition of various concentrations of atropine or

hyoscine does not inhibit the cationic-stimulated in-
corporation of P32 into phospholinids.

Tubocurarine, at various concentrations, has no effect
on the stimulated incorporation of P32 into phospholipids
of brain slices produced by 100 mM KC1l or 2 mM
acetylcholine.

The addition of morphine at concentrations of 5 and 10
mM to brain slices stimulates the incorporation of p32
into phospholipids.

Morphine has no inhibitory effect on the potassium-
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stimulated incorporation of PSQ

into phospholipids.

On the contrary, 1In the presence of 100 mM potassium

lons, 2 mM morphine exerts a small stimulation which 1is
additive to that produced by 100 mN potassium lons.

This stimulatory effect produced by morphine increases
with the duration of the Incubatlion period, whereas the
stimulation produced by 100 mM potassium lons decreases
with time.

Eserine has no effect on the incorporstion of P32 into
phospholipids of K¥-stimulated brain cortex slices after
an incubation perlod of 2 hours, contrary to what 1s
observod with morphine.

Morphine has no effect on the decreased level of 7-minute
nucleotide phosphate of brain cortex slices caused by

the addition of 100 mM potassium ions during an incuba-
tion period of 2 hours.

There 1is no significant difference in the incorporation of
po2 into nhospholipids between slices from morphlne-treated
rats and control rats, irrespective of the potassium concen-
tration In the incubation medium.

Nalorphine stimulates the incorporation of PSZ into

rhospholiplids of potassium stimulated brain slices after

‘an incubation period of 2 hours. Nalorphine does not

antagonlze the stimulatory effect of morphine under
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analogous experimental conditions.
Tofranil at low 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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