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INTRODUCTION



Ammoni a, a normal constituent of blood, tissues and
tissue fluids, originates from the catabolism of nitrogenous
compounds. Unlike carbohydrates and |ipids (which can be
stored in any form without deleterious effects). Hence
vari ous mechani sms have evolved in the animl kingdom to
mai ntain and guard the body ammnia levels. As a result of
this a wide range of tolerance to ammonia is seen in aninal
ki ngdom Despite this, it nust be enphasized that the tole-
rance is only of limted range and elevation in anmmonia

| evel s beyond this range is often lethal to organisns.

Very few instances are noticed wherein animals are
directly exposed to toxic levels of ammonia (gaseous form or
to ammoniwc:» ions in nature. However, there are several
abb@rations in the nitrogen metabolism which may result in an
elevation in amonia levels in the blood and/or tissues of
ani mls. Many such abberati ons have been noticed in man. No
record of such abberations exists for aninmals other than man.
This may be partly because of the lethal nature of such
met abol i c derangenments or that they highly incapaciate the
animal that the aninmal mmy becone highly vulnerable for
predations. Hence nmuch of the information, on the consequence
of elevated ammnia levels, is available for man or in |abo-
ratory animals where in such conditions are experimentally

Induced.



The pathol ogical states arising out of altered nitrogen
metaboliasm resulting in an elevation of blood ammonia levels
are known aa hyperammonemic states. As ammonia rapidy equi-
libriates between blood and tissues, the tissue amonia
levels are also elevated in hyperammonemic States. At ele-
vated concentrations, ammonia affects different tissues in
different manner. However, ite influence at elevated concen-
trations on the central nervous systemis of greater impor-
tance. In fact, elevation in blood and brain ammonia |evels
is a potentially conplicating factor in the etiology of
several neurol ogical abnormalities observed in several patho-
| ogical states. Volumnous literature is available on the
effects of ammonia on the central nervous system and on the
mechanism Oof ammonia toxicity. Several reviews have appeared
fromtime to tine to summerize and highlight the avail able

literature.

A review of the literature suggested that ammoni a night
art on brain in nore than one way. Earlier investigators from
this laboratory have worked on the cerebral netabolism of
glutamate and of branched amino acids in hyperammonemic

states.

The chief objective of the present study is tO investi-
gate the influence of hyperammonenic states on cerebral

energy netabolism Before the finer details of the work are



descri bed and di scussed, an overview of metabolism, detoxi-
fication and i nfl uence of ammonia on cerebral energymetabo-
lismmay be helpful. It is also felt worthwhile to give brief

description of cerebral energy netabolism
CEREBRAL AWON A LEVELS

The ammonia content ot the brain depends on the
functional state at the tinme of study. Under normal physio-
logical conditions the cerebral ammonia levels are reported
to be between 0.15 and 0.35 umolea/gm Wet weight . f the
tissue (Cooper and Plum 1987). Post-mortem Changes were al so
found to have a profound influence on the determination oOf
cerebral ammonia levels (Thorn and Heimann, 1958; UWarren and
Schenker, 1964; Tews and Stone, 1965; Codin et al., 1967
Tsukada, 1971; Hawkins et al., 1973; Hindfelt, 1975). The
cerebral ammonia content increases during hei ghtened neurona
activity and declines with the suppression in the neurona
activity. Information on the regional heterogenity in the
distribution of ammonia in brain, both in normal and pat ho-
logical states, is conpletely lacking. Such a study would be
of interest, since the ammonia levels are used as an "index

of neuronal activity" (Folbergrova et al., 1969).

CONDI TI ONS | NFLUENCI NG CEREBRAL AMMONIA LEVELS:

As nentioned earlier, cerebral ammonia levels fluctuate



in parallel to the functional atate. A reduction in
functional activity due to anasthesia, during sleep and
hibernation, was found to be associated with a decrease in
cerebral ammonia content (Whistler et al., 1968; Oner, 1971).
An elevation of cerebral ammpnia levela was found to be

al ways associated with increased cerebral activity as seen
during convul sions (Vrba, 1957; Richter and Dawson, 1948;
Tsukada and Takagaki, 1958; Hathway et al., 1965; Hathway and
Mallinson, 1964; Tews and Stone, 1965; Tsukada, 1966;

Fol bergrova et al., 1969; Faimen et al., 1977), deprivation
of sleep (Haulica et al., 1970) and painful shocks to extree-
mitiea (Tsukada et al., 1958; Tsukada, 1971). Pathol ogical
states such as anoxia (Richter and Dawson, 1948), hypercapnia
(Fol bergrova et al., 1972a), hypoglycenia (Agardh et al.,
1978), ischemia (Thorn and Heimann, 1958), audiogenic sei-
zures (in susceptible animls) (Leonard, 1965), hepatic ence-
phal opat hy (Schenker et al., 1974; Zeive and Nicoloff, 1975),
portocaval anas tamoses (Holman and Sieajo, 1974; Williams et
al ., 1975) and congenital disorders in the metabolism of
amino acids and of urea cycle enzymea (Col onmbo, 1971; Hsia,
1974; Schenker et al., 1974) were found to enhance cerebral

anmoni a | evel a.

SOURCES AND PRCDUCTI ON CF AMMONIA IN BRAIN

Steady state level of anmonia in brain is governed by



the relative rates of its transport from blood and/or extra-
cellular fluids into brain, release from brain into bl ood
and/or extracellular fluids, its rate of formation from both
endogenous and exogenous sources and finally by amonia uti-
lizing processes. However, in the ensuing description, the
role of extracellular space and extracellular fluids would be
ignored aa the contribution by this conpartnent to total
cerebral volune was shown to be insignificant (accounting to

2-5* of total volune: Schultz, 1957; Luce, 1960).
TRANSPCRT CF AMMONIA FROM BLOCD | NTO BRAI N

Though it is well known that blood ammonia levels are
strictly guarded and maintained well below the tissue |evels
(blood ammonia < 0.1 mM), its contribution to tissue pools
cannot be ignored. This process assunes a greater inportance
especially in hyperammonemic states, when the bl ood ammoni a
I evel s would be higher than usual. In blood, it was shown
that the level of ammonia in red blood corpuscles was higher
than pl asna (Caesar, 1962; Hindfelt, 1975). Several lines of
evidences indicated that either the blood or extracellular
ammonia rapidly equilibrates with tissue pools for eg., sys-
temic administration Of anmonium salts increased the brain
ammonia levels in a very short time (Hawkins et al., 1973;
Lockwood et al., 1979; Duffy et al., 1983; Cooper et al..

1988). O the nechani sms proposed for ammoni a transport



across the blood brain barrier, the pH gradient theory has
been well accepted (Millene et al., 1958; Stabenau et al.,

1959).

Ammoriia can exist in two fornms - the unprotonated NR,
forr and the protonated NH, form. These two forms are in a
state of dynamic equilibriumin solution and their inter-
conversion was found to be rapid and is dependent on pH of
the nedium (Cooper and plum 1987). At alkaline pH NH,
di ssociates into NHjand H and at acidic pH the NH,form would
be converted to NH, form by accepting a proton. However, at
physiological pH (7.4) at least 98% of ammonia is in Nﬂ:form.
In this state the nolecule has a linted pernmeability across

the plasma nenbrane while the NH,form penetrates the plasm

menbrane with ease as it is nore lipld sol uble.

Though, brain amopnia concentrations were found to be
| ower than bl ood, roost of the blood ammpnia enters the brain.
It was observed that under physiological conditions, the pH
of brain was |ower than the blood pH (Hindfelt, 1975). The NH,
form of ammonia from blood would then rapidly enter the brain
as it is nore freely pernmeable. Thia perturbs the equilibrium
bet ween protonated and unprotonated formes and favours the
di ssoci ati on of additional N—l+to NH in blood. Evidences for
the pH dependent transport of ammonia were provided by the

foll ow ng observations. (a) The tissue (brain and nuscle)



amoni a concentrations increased by 2-3 fold during netabolic
and respiratory alkalosie (Stabenau et al., 1959). (b) Varia-
tion In the LDaa dose Of various ammonium aalta was directly
related to their ability to induce changes in the blood pH
(Warren and Nat hon, 1958). Al kaline amonium salts NH.OH,
(NH, ), CO; were found to be more lethal even at very |ow doses
than acidic salts of ammonia (NH Cl) (SCOA, 1979). (c) Acido-
sis induced by injection of hydrochloric acid had a
protective effect on the mice injected with ammoni um chloride

(SCOA,  1979).
PRODUCTI ON OF AMMONI A FROM ENDOGENOUS AND EXOGENOUS SUBSTRATES:

The inherent ability of brain to produce ammonia from
ita endogenous substrates was conclusively demonstrated. In
in vitro studies, cortical slices produced ampnia at a rate
of 14 - 16 umoles/gm wet weight. The results in these studies
suggested that ammonia production in brain could be an aero-
bic process (Benjanmin and Quastel, 1975). Such a high rate of
endogenous ammonia production In brain elicited interest in
the search for a precursor to this process. |In sunmary, the
three major precursors proposed to serve as substrates were

proteins, amino acids and nucleic acids (Benjamin, 1982).

PROTEI NS

Proteins as a source for endogenous ampnia was sugge-



ated long ago (Weil-Malherbe and Green, 1955; Vrba, 1957). It
haa been shown that of the total ammonia formed, during in
vitro incubation of brain tissue in the absence of a sub-
strate, atleast 25 - 35% was accounted by the deami dation of
protein bound am de groups (Vrba, 1957; UWherrett and Tower,

1971) .

AMINO ACIDS:

The free amino acid pool of brain differs from that of
other tissues by the presence of large quantities of gluta-
mate famly of amno acids (glutamate, glutamine, aspartate,
al anine and Y-aminobutyric acid). The glutamate concentration
in the brains of various mammals was found to be approxi-
mately 10 umoles/gm. wet weight while that of glutam ne was 4
- 5 unplea (Mcllwain and Bachelard, 1971). As these two amino
acids occur in such large concentrations, nuch attention was
focussed on amoni a production fromthese amino acids. It was
indicated that glutamate contributes by about 30 - 50% to the
total ammonia formed during in vitro incubation of cortical
slices (Benjam n and Quastel, 1974,1975). It was proposed
that ammonia |iberation occurs majorly from the neurons
(Benjam n and Quastel, 1974). O exogenous glutamate taken up
by brain, only 14% would be converted to ammonia, mgjorly in
neurons (Benjamin and Quaatel, 1974). The glial cells as per
these authors, do not produce anmoni a. However, recent

results suggest that glial cells are capable of oxidizing



glutamate conpletely to 2-oxoglutarate (Yu et al., 1982;

Hertz et al., 1987, Lai et al., 1989).

During in vitro incubations of cortical slices, ammonia
production was observed to be associated with a fall in the
content of glutam ne besides glutamate (Benjamn and Quastel,
1975). 30% of the ammonia formed could be accounted by the
fall in the glutam ne content. This value appears to be high
as later studies indicated that ammonia production trom exo-
genous glutamne night proceed at a lower rate, which may be
due to the inhibition of the deamidation process by endo-
genous glutamate and ammonia (Benjamin, 1981). Recent evi-
dence indicates that nost of the nitrogen from glutamne is
incorporated into amino acids such as alanine than into
anmoni a atleast in astrocytes (Yudkoff et al., 1988). The
contribution nade by aml no acids other than glutamate and

gl utam ne apears to be negligible.

PURINE NUCLEOTIDES:

It was also postulated that the purine nucl eotides,
especially AW and adenosine m ght serve as precursors for
ammonia production by a process of deamination in the purine

nucl eoti de cycle (Benjanin, 1982).

ENZYMES | NVOLVED IN AMMONI A PRODUCTI ON:

As the mmjor precursors in cerebral ammonia production



were shown to be proteins, glutamate, glutamine and purine
nucleotides, a brief account of the enzymes involved in this

process are given bel ow

Though, the contribution made by protein bound am de
group is significant, it is surpriaing to note that no enzy-
matic mechani sms have been so far described in the litera-
ture. The only study that gives a clue to the enzymatic
nmechani sm involved waa the inhibition of this process by

methionine sulphoximine (Wherrett and Tower, 1971).

Normal Iy, the primary step in the nmetabolism of nost of
the amino acids is the transamination wherein the <-amino
group la transferred to an o«~ketoacid to form a corresponding
am no acid. Though both oxal oacetate and pyruvate have the
ability to participate in these reactions, in nmobst of the
transamination reactions 2-oxoglutarate is the preferred
substrate. Thi. results in the formation of glutamate which
is later oxidized to produe anmonia in glutamate dehydroge-
naae reaction. This pathway |a known as transdeamination
pathway. O all the aminotransferasea preaent in brain, the
activity of aspartate aminotransferae waa found to be very
hi gh (Klingenbergand Pette, 1962; Bal azs, 1965; Benuck et
al., 1971a ; Lai et al., 1975; Dennia et al., 1976) followed
by al anine aminotransferase. Both the enzymes were found to

have a dual localization in the cells, i.e., both in mito-



chondria and cytosol. Because of the high activity of aspar-
tate aminotransferase, it was shown that at |east 80% at
glutamate is nmetabolized through the transamination pathway
(Balazs, 1965). This enzyme is also known to form stable
macromolecular conplexes with glutamate dehydrogenase, fuma
rase, malate dehydrogenase and citrate synthetase, though the
algnlficance of this process ia yet to be understood (Chur-

ah ieh, 1978).

Hydrol ytic cleavaae of fllutanmi ne would also

amonia from gl utam ne and the enzyne responsible for this
process, glutaminase, was found to be present in brain. Two
maj or isozymes Of glutaminase have been identified in mammals
(Katunuma et al., 1967). The phosphate independent glutami-
nase is supposed to be absent in brain (Weil-Malherbe,

1969, 1972; Weil-Malherbe and Beall, 1970; Huang and Kerox,
1974; Kvamme and O son, 1979,1981) or even if present it is
less than 10% of the total glutam nase activity (Temma, 1972,

Nimmo and Tipton, 1979).

In the brain, 90% of the glutam nase activity was found
to be due to phosphate activated formwhich is a mitochon-
drial enzyme and is subjected to feed back inhibition by
ammonia and glutamate. Recent studies indicated a complex
pattern of regulation of this enzyme in brain which depends

on its cellular localization (Kvamme et al., 1982). The



enzyne localized in the nerve ending particles was found to
be inhibited by both glutamate and ammonia while the astro-
glial enzyme was found to be inhibited by glutamate al one.
The enzyme from both the sources is activated by cal cium ions
(Benjanmi n, 1981; Kvamme et al., 1982). Besides generating
ammoni a, this enzyne is supposed to play a major role in
generating the neurotransmitters such as glutamate and GABA
from glutamine (Bradford and Ward, 1976; Bradford et al.,
1978). However, it is believed that the activity of thia
enzynme under physiological conditions is not fully expressed
due to high glutamate levels which are inhibitory to its

activity (Benjamin, 1982).

AMMONI A° PRODUCTI ON FROM PURI NE NUCLEOTI DES:

Ammonia is also generated by the deamination 0f AMP
medi ated by the enzyme AMP-deaminase. AMP-deaminase iS a
cytosolic enzyne and exhibits allosteric properties. ATP acts
as an .llosteric activator and GIP as an allosteric inhibi-
tor. It ia believed that under physiol ogical conditions, the
inhibitory effect by GIP is far nore than the ATP activation.
Its activity was also found to be stinmulated by kK* and thia
inorganic ion could be substituted by Rb* and NH+*s4 (Setlow et

al ., 1966; Setlow and Lowenstein, 1967).

In addition to AMP, adenosine was al so shown to be

deaminated in the brain by the enzynme adenosine deaminase



(Buni atin, 1970). Hence, AWP might alao be converted to
adenosine by the enzyne 5'-nucleotidase and |later deaminated.
The presence of this latter enzyme was al SO demonstrated in
brain and it was reported to be localized exclusively on the

astroglial plasnma nenbrane (Kreutzberget al., 1978).

M NOR REACTI ONS:

Besi des the above three processes, ammmonia is also
generated in small quantities from other sources such as
guanine and guanosi ne deam nases, NADtdeamixmse, gl ucosani ne-
6- phosphate deam nase, monoamine oxi daae, aerine dehydratase,

hlstidase, etc.

As said earlier, the steady state levels of ammpnia
depends not only on the rate of transport and its endogenous
synthesis, but also on the rate of its disposal or utiliza-

tion.

DI SPOSAL OF AMMONIA:

Unlike the wultitude of ammonia generating processes,
only three pathways exist in animals aytems to di spose of
amoni a. They are (a) carbomoyl phosphate biosynthesis (b)
glutamate and (c) glutam ne biosynthesis. As the carbonoyl
phosphate synthesis is negligible in brain (Sadasivudu and

Rao, 1974, 1976), the latter two processes would be



discuassased.
GLUTAMATE BI OSYNTHESI S:

The enzyme involved, in fixing inorganic ammonia into
organic linkage of glutamate, is glutamate dehydrogenase, the
description of which was given earlier.

+
NADH NAD

Amoni a + 2-oxoglutarate --:EE‘-*{{——~> glutamate

Under physiol ogical conditions, the equilibrium of this
enzyme catalyzed reaction was supposed to favour glutamate
bi osynt hesis. However, the contribution of this pathway to
the total pool of cerebral glutamate has been questioned

recently (Cooper and Plum 1987).
GLUTAMINE SYNTHESI S:

The maj or pathway of ammonia detoxification in brain is
supposed to be glutam ne biosynthesis (Weil-Malherbe, 1950;

Cooper et al., 1979,1985; Waniweski and Martin, 1986).

ATP ADP + Pi

Gutamate + NHz ------=---==S==sono-o > gl utam ne

This reaction is mediated by the enzyme gl utam ne syn-
thetase. This enzyne is ubiquitously distributed zn all ani-

mal cells. In brain it is believed that this enzyne is exclu-



sively localized in the astroglial c¢ells (Martinez-Hernandez
et al., 1977; Norenberg and Martinez-Hernandez, 1979). Though
much work is done on the regulation of bacterial glutamine
aynthetase, nNot much information is available on the brain
enzyne and the available evidences indicate that this enzyme
from animal tissues is not subjected to regulation by various

Uganda as the bacterial enzyme (Lehninger, 1984).

METABOLIC COMPARTMENTATION AND AMMVONIA | N BRAIN

Studi es on netabolic conpartnent at ion reveal ed the
exi stence of two metabolic pools of glutamate, of which one
id larger and the other is smaller. It was postulated that
the large pool of glutamate contains moat of the tissue
glutamate pool and has a slow turnover rate while snall pool
of glutamate contains less glutamate and has a rapid turnover
rate. These two pools do not mx with each other. Further, it
was shown that the rate of synthesis of glutanmine was less in
the large pool than in the small pool. Gutamate in the |arge
pool woul d be netabolized by oxidative deamination while in
the small pool it would be majorly involved In glutamine
synthesis. The precursor for glutamate in the |arge pool was
shown to be glucose while in the small pool besides glucose,
B-hydroxybutyrate, acetate, carbon dioxide, butyrate, propio-
nate, citrate, leucine, etc., would serve as prepursors

(Balazs et al., 1972; Van Den Berg, 1972; Cark et al., 1974;

15



Mohler et al., 1974; Van Den Berg et al ., 1974). Further
studies revealed that the large pool of glutamate is |oca-
lized in the neurons and the small pool in the glia (Benjamn
and Quastel, 1972; Van Den Berg et al., 1974; Garfinkel

1966, 1972; Clarke et al., 1974). This suggested that the

nmet abol i sm of glutamate would be different in the neurons and
glia. The neurons netabolize glutamate primarily by oxidative
deamination while in glial cells major portion of glutamate
woul d be converted to glutamine and rest is transaminated to
2-oxvglutarate prior to the oxidation through citric acid
cycle (Benjamin and Quastel, 1974). Higher activities of
glutamate d hydrogenase in neurons than in the glia (Rose
1968) and the presence of high affinity uptake systems for
glutamate in glia (Henn et al., 1974; Henn, 1976; Ueiler et
al ., 1979) supported this concept. The glutamine SO formed in
the glia would be transported to nerve endings where it would
serve as a precursor for releaseable pool of glutamate and
GABA. This concept received support from the observation that
exogenous glutamine would serve as a better precursor for

rel easabl e pool of both glutamate and GABA in synaptosomes
(Bradford and Uard, 1976; Bradford et al., 1978) and in
slices (Hamberger et al., 197%a,b) and the activity of gluta-
minase was high in synaptosomes than in the astrocytes

(Ueiler et al., 1979). Further, histochemical and, biocheni ca

localization of the enzyne glutamine synthetase exclusively

16



in astrocytea favoured this concept (Martinez-Hernandez et

al., 1977; Norenberg and Martinez-Hernandez, 1979).

Thus, according to the the -y of metabolic comparmenta-
tion, ammonia would be generated by neurons and nerve endings
from both glutamate and glutamine and |iberated along wth
glutamate and GABA during functiona states. The exogenous
ammonia, ¢glutamate and GABA would be transported into the
astrocytes where ammonia is converted to glutam ne. The glu-
tamine of the astroglial cells would be transported into
nerve ending:s where o 1 iS reconverted to glutamate and
rel ated neurotransmitters. However, some of the recent obacr-
vations do not support this concept in toto (Kvamme et al.,
1982; Yu et al., 1984, Fonnum 1984; Subbalakahmi and Murthy,
1985) .

PATHOLOG CAL CONDI TI ONS ASSOCI ATED WITH HYPERAMMONEMIA;

As nentioned earlier, in hyperammonemic states there
woul d be an elevation in both blood and tissue |evels of
amonia resulting in a netabolic and functional derangement.
Such hyperammonemic states could be due to defects either in
the synthesis, transport or disposal of ammonia. The hyper-
ammonemic states known so far might be categorized into
congenital or acquired disorders. A brief description of the
known states of hyperammonemia woul d ensue below, but

detail ed descriptions are available in several reviews

17



(Schenker et al., 1974; Zeive and Nicol off, 1975; Fischer and

Baldessarini, 1976; Crossy et al., 1983).

CONGEN TAL DI SCRDERS:

In congenital hyperammonemic states defects were found
in the enzynes directly related to ammonia metabolism On one
hand an on the other hand several defects in the enzynes
involved in the metabolism of amino acids not related to

ammonia were noticed.

One of congenital disorder with defective glutamte
synthesis was reported to be Reye’'s syndronme. The defect in
this syndrome is not in the enzynes of gl utamate biosynthe-
sis, but in the fragility of mitochondrial menbranes which
woul d be subjected to an acute insult (Partinet al., 1971;
Bove et al., 1979). Consequently, the integrity of these
menbranes would be lost leading to the liberation of all the
mitochondrial enzymes inclusive of glutamate dehydrogenase
and carbomoyl phosphate synthetase which aggrevates the cli-
nical condition (b.ownet al., 1976; Robinson et al., 1978).
Recently, it was shown that an endogenous inhibitor was bound
to glutamate dehydrogenase which would |ower the residua
activity of glutamate dehydrogenase (Holt et al., 1983). Due
to the loss of both glutamaiLe dehydrogenase and carbamyl

phosphate synthetase, ammonia accunulates in the binnd and

18



tiasues. Another set of disorders with defective gluamate
dehydrogenase in brain is the Olivopontocerebellar atrophy
However, it is not kuuwn whether a hyperammonemic state
prevails in this situation (Plaitakis et al., 1980,

1981a,b,1982,1983; Plaitakis and Berl, 1983).

No reports are available on congenital defects in glu-
tamine biosynthesis which mght be because of the premature
death of the enbryos as glutamine has several other roles to

pl ay besides serving as an ammonia trap.

Several congenital disorders of urea cycle enzymes have
been reported. Clinical synptonms and magnitude of hyperamp-
nemia varies frommld to severe depending on the enzyme
affected and degree of metabolic derangement. Total or par-
tial deficiency of carbampyl phosphate synthetase, orthine
tranacarbamoylase and argininosucinic acid synthetase are
sone of the reported disorders associated with hyperamoneni a
(Hsia, 1974). Hyperammonem a was al so observed in several
other inherited disorders of amino acid netabolism such as
ornithinem a, hyperlysinemia, maple syrup di sease and hyper-

valinemla etc.,(Hsia, 1974).

ACQUI RED HYPERAMMONEMIC STATES:

A direct relationship between hepatic functioning and

hyperammonemic states has been established. In several of the

19



reported acquired hypermmonemic states a severe deficiency of
hepatic functioning was observed. The spectrum of neurol o-
gical symptoms due to hepatic inadequacy was found to be
highly variable and the term "hepatic encephalopathy” was
coined to describe the changes. In the early stages of hepa-
tic encephal opathy nental, personality and emptional changes
were found to be very subtle. With the progress of encephal o-
pat hy, hypotherm a, hyperventillation, confusion, drowsiness
ensue which gradually lead to comatose condition. Neuromuscu-
lar changes like asterixis, hyper-reflexia, unsustained
clonus were also noticed in early stages of hepatic encepha-
| opat hy which disappear along with pupillary and corneal
reflexes with the progress of the disease. Convulsions, de-
cerebrate rigidity and decortical posture were found
occasionally (Schenker et al., 1974). Hepatic encephal opathy
was found to be of two types. Exogenous hepatic coma or
chronic liver disease due to decreased liver mass and gradual
shunting of blood around liver (liver bypass) is one such
condition. These conditions are seen usually in cirrhosis and
portal systemic shunting and the onset of neurological and
other clinical synptons are less violent and precipitated by
exogenous factors such as high protein diet or by drugs.
Acute liver disease (endogenous hepatic coma) is the second
one in which the decrease in functional liver mass is due to

acute viral infections, drugs and other toxins and the onset
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of clinical symptoms are very rapid and sudden.

Cerebral pathology varies with the duration and type of
hepatic coma. In acute hepatic encephal opathy cerebral edema
leg a prominent feature (Wareet al., 1971), while in chronic
hepati ¢ encephalopathy, hypertrophy and hypeiplasia of proto-
plasmic astrocytes are of common occurance. These changes are
seen principally in cerebral cortex and in other regions of
brain (Waggoner and Malamud, 1942). Neuronal cells do not
show many of these chances in the acute hepatic encephalo-
pathy while in chronic conditions degeneration and demyelina-
tion are exhibited (Zieve et al., 1960). However, the nmgjor
change is usually seen in the protoplasnmc astrocytes. In
chronic hepatic encephalopathy, these cells proliferate,
enlarge and finally undergo hydropic degeneration. The
changes induced would result in the formation of Al zheiner
type |l astroglial cells (Adans and Foley, 1953). The Al zhei -
mer type Il cells were also found in experinmental hepatic
encephal opathy due to portocaval anastamosis in rats (Cava-
nagh and Kyu, 1971; Zamora et al., 1973; Cavanagh, 1974) and
in induced hyperammonemias (Lapham, 1961, Mossakowski et al.,
1970; G bson et al., 1974; Norenberg et al., 1972; Norenberg
and Lapham 1974; Norenberg, 1977, 1981; Gregorios et al.,
1985a,b). The devel opnent of Al zheinmer cells were reported to
be associated with the loss of filial acidic fibrillary pro-

tein in the grey matter (Sobel et al., 19ui). The Alzheimer



changes in the glial! cells under these conditions were
believed to b. due 1 abnormal biochenical events leading to
altered electrolyte alance and other transport phenonena

(Zamora et «i., 1973 Cavanagh, 1974).

Anmoni a ..s inculcatd since a long tine in the pathoge-
nests Of hepatic encephalopathy. Increased |levels of ammonia
in blood and erwvbrospinal fluid is a prominent [|aboratory
finding in pa ients witn hepatic encephal opathy. The mgjor
site of origin ¢t ammonia in these patients was established
to be intestine (sc' nker et al., 1974; Zeive and Nicol of f,
19'5; Onstad and 21 .e, 1979). Dietary amino acids and urea
(endogenous) are deamin.ted in the intestinal bacteria to
generate anmonia. In the absence of functional liver, this
amoni a enters the system c circulation. Tissue ammpnia
levels rapidly equilibrate with blood ammonia levels and as a
result an overall hyperammonemic condition sets In. |ncreased
ammonia |levels are supposed to deplete citric acid cycle
intermediates and the energy states of the cell (due to
glutamine formation) and this is believed to result in a
broad spectrum of neurological changes (Schenker et al.,
1974). Glial cells, as the seats of glutam ne synthesis, were
supposed to be involved in the detoxification process, and
| oose their energy resources which would be reflected in

their norphol ogy (Norenberg and Lapham, 1974; Norenberg



1977). However, no direct relationship between the bl ood
ammonia |evel and extent of conm has been established.
Instead a direct relationship with a good correlation exista
between glutamine levels in cerebrospinal fluid and clinical
state of coma. Alternate hypotheses, with out the involvement
of ammoni a, have al so been proposed to explain the patho-
genesis of hepatic coma. These include the production of

fal se neurotranamitters (Fischer and Baldessarini, 1976),
involven-nt of short chain fatty acids (Zeive, 19282, 19#%;

Zeive and Brunner, 1985), mercaptans (Zeive, 1980; Zeive «.

al. , 1983) and altered GABAergic neurotransmission (Zenroli
et al., 1982; Ferenci et al., 1982, 1983; Pappas et al.,
1984) . .

These hypothesis are proposed cheifly to explain the
cerebral dysfunction in states of deranged hepatic function.
Though such conditions are usually associated with hyperammo-
nemia, the derangement of hepatic honmeostatic mechansims al so
play a vital role. Presently only those hypotheses concerned
with the direct action of ammonium ions are considered as in
this study hyperammonemia was induced In aninals by admni-
stering amoni um acetate«. These animals had functionally
intact livers at the time of the study. The hypotheses that
were proposed to explain the direct action of ammonia are on
the effects of this substance on the ionic fluxes and on

cerebral energy netabolism As the presnt work is on cerebral



energy metabolliam, information available on this aspect has

been reviewed in a greater detail than that on ionic fluxes.

EFFECTS COF AMMONIA ON | ONIC FLUXES:

Maintainance of ionic gradients is essential for cere-
bral activity. 1t has been observed that about one-third of
the energy synthesised in the brain is utilized for mainte-
nance of the ionic gradients especially by Na* ,K* - ATPase
(Berl, 1974). Changes in the ionic¢ conposition also has a
wi de range of effects on the cerebral metabolism (Lowry and
Passonneau, 1966). In addition to these nmetabolic effects,
ionic gradients also have a vital role in the release and
upt ake of the ucurotransmitter and on the genesis and mainte-
nance of resting menbrane potential of neuron. AmDNium iovns
were shown to have a biphasic action on neuronal excitabi
lity. At low concentration they were shown to cause a stinu-
lation while at higher concentration they suppress the neuro-
nal function. As neuronal excitability is associated with the
maintainance of ionic gradients, nmuch attention was focussed

on this aspect.

The ionic radii of the ammonium and K* ions (wth
hydration shells) were found to be simlar. It was shown that
amoni um ions can replace potassium ions for Na*,K*-ATPase.

Activity of this enzyne was observed to increase in hype:
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ammonemic States, which might alter the ionic gradients and
the resting membrane potential (Hawkins et al., 1973; Sada-
alvudu et al., 1977,1975; Subbalakshmi and Murthy, 1981). As
thia enzyne is alao involved in the release of neurotrans-
mtters, any changes in the activity of this enzyme in
hyperammonemic States might also affect the rel ease of neuro-
tranemitters. Ammonium ions were also shown to inhibit the
outwardly directed chloride punp which results in the dis-
inhibition of the post synaptic neurons (Lux et al., 1970;
Lux, 1971; Llinaa et al., 1%974a,b; Raabe and Gunmit, 1975).
Benjamin et al., (1978) reported an influx of chloride ions
into the brain slices in the presence of ammniumions. It is
possible that thesze changes in the ionie fluxes may be asso-
ciated with the reported changes in the fluidity of the
neuronal menbranes in the presence of amonium ions (O Connor

et al., 1982,1984).

EFFECTS OF AWONIA ON CEREBRAL ENERGY METABCLI SM

One of the very old and controversial ¢o ncepts ia that
ammoni a affects the cerebral energy metabolism. Acute admi ni-
stration of ammonium salts enhances the A-V difference for
glucose across blood brain barrier suggesting an increase in
the ceebral wutilization of glucose in hyperamonenic states
(Hawkins et al 1973). Under these conditions,-a fall in

cerebral glycogen levels was al so observed (Hawkins et al.,



1973). However, glycogen content was found to increase in
chronic hyperammmonenmi ¢ states (Norenberg, 1981). Ammonia isS
known to stimulate the activity of phosphofructokinase, a
rate limiting enzynme in the glycolytic pathway thus channel
ling nore glucose into this pathway (Lowy and Passonneau,
1966). Hawkins et al., (1973) reported an increase in the
levels of the glycolytic intermediates in brain in acute
hyperanmmoneni ¢ condition. Pathophysiol ogical concentration of
anmoni a was observed t. elevate cerebral lactic acid both in
vivo and in vitro conditions (Hawkin3 et al., 1973; Benjanmin
et al., 1978). It was postulated that the enhanced gl ucose
utilization mght account for the enhanced lactic acid pro-
duction (Hawkins et al., 1973). However, studies in primry
cultures of astrocytes and neurons indicated that ammonium
ions in pathophyslological concentration (3mM) had no effect

on the glucose oxidation (Lai et al., 1989).

Ef fects of ammonia on the operation of citric acid
cycle is a subject of nuch controversy. It was postul ated by
Bessman and Besaman (1955) that anmmonium ion pronptes the
synthesis of gluamate in the reaction mediated by glutamate
dehydrogenase and thereby depletes cerebral 2-oxoglutarate
levels and inpairs the operation of the citric acid cycle and
energy production in brain. In support of this hypothesis
Eiseman et al., (1955) and Schenker and his associates (1967)

observed a decrease in the cerebral 2-oxoglutarate |evels
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especially in the brain stem. McCandless and Schenker (1981)
reported a decrease in the cerebral ATP levels in the micro-
di ssected areas of reticular activating system of the brain
atem in hyperammonemic states. A simlar observation was made
by Bessman and Pal (1976, 1982). McKhan and Tower (1961)
reported that high concentrations of ammonium chloride
suppressed the oxidation of pyruvate and 2-oxoglutarate in
the cerebral mitochondrial preparations. Additional support
was provided by the observation of Lai and Cooper (1986) that
ammonlum ion inhibits the activity of 2-oxoglutarate dehydro-

genase in the mitochondrial preparations.

Despite these evidences, this hypothesis is not accep-
ted equivocally because of other contradictory obaservations.
Hi ndfelt and Sieajo (1971) observed no changes in the con-
tents of 2-oxoglutarate and ATP in brain in hyperammonemic
states. Vergara et al., (1973) reported an increase in 2-
oxoglutarate comtent in brain under these conditions. A sim-
| ar observation was nade by Hawkins et al., (1973). It is
interesting to note that the oxidation of pyruvate was
unaf fected by the presence of pathophysiological concentra-
tions of ammonia in prinmary cultures of astrocytes and neu-
rons in the presence of glutamine (Hertz et al., 1987).
Observations nade in this |laboratory also indicate that the

activities of pyruvate dehydrogenase and the enzymes of
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citric acid cycle are enhanced by the acute, subacute and
durg induced hyperammonemic states suggesting an increased
flux of the carbon skeleton through the citric acid cycle
(Ratnukumari, 1984; Ratnakumari et al. , 1985, 1986; Ratna-
kumari and Murthy, 1989,1990). Thus, the effects of anmonia
on the citric acid cycle and energy metabolism are yet to be
resol ved. These discrepancies on the effects of ammonia might
be due to the differences in the experimental animals used in
these studies, node of induing hyperammonem a, nmethods adop-
ted to arrest post-nortem changes and the regions selected
for the analysis. Though controversial results were obtained
in the levels of the netabolites of citric acid cycle and of
ATP, it is quite possible that changes m ght occur in dis-
tinct cellular or subcellular netabolic conpartnents

(Garfinkel and Hess, 1964; Garfinkel, 1966).

EFFECTS G AMON A ON THE MALATE-ASPARTATE SHUTTLE

Anot her hypot hesis proposed to explain the neurotoxic
effects of amonia is its effects on the opsiation of the
malate-aspartate shuttle (Hindfelt, 1975). This shuttle is
responsible for the transport of reducing equivalents across
the mitochondrial menmbrane. O the several mechansims regul a-
ting carbohydrate metaboliasm, the redox state of the cell,
expressed as ratio of reduced pyridine nucleotides to oOXi-

di zed pyridine nucl eoti des (NADH/ NAD), ie of prime inpor-
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tance. Several dehydrogenasea participate in the oxidation of
gl ucose, both in cytoaol and mitochondria, require a conti-
nuoua supply of NAdf It was shown that their activities are
suppressed by excess of NADH, hence it is imminent that NADH
generated must be reoxidlized to NADT In the mitochondria,
NADH is oxidized in the elctron transport chain and thereby
NAD is generated under aerobic conditions. Due to the lack of
el ectron transport chain in the cytosol, NADH cannot be
oxidized directly to NAD in this aubcellular conpartnent.

Mor eover, NADH is not exported from cytosol into mitochondria
as the mitochondrial inner menbrane is inperneable to these
nucl eotides. Therefore, it was proposed that NADH will bo
converted to NAD in the cytosol itself and the reducing
equivalents will be transported into the mitochondria in the
form Oof metabolites. Several such shuttle mechansims have
been proposed for the transport of reducing equivalents
across the mitochondial nmenbrane and of thes malate-aspartate
shuttle is the major one in brain (Siesjo, 1978). This
shuttle involves the participation of cytoaolic and mitochon-
dt la] leozymes Of aspartate aminotranaferase and malate de-
hydrogenase, the mitochondrial dicarboxylic acid carriers and

glutamate-aapartate carrier.

Qperation of thia shuttle la as follows. NADH generated
in the cytoaol 1ia utilized for the production of malate from

oxaloacetate by the cytoaolle nalate dehydrogenase. Ml ate,



produced in the cytosol, is transported into mitochondria in
exchange for mitochondrial 2-oxoglutarate. Mitochondrial
malate dehydrogenase acts on malate and produces oxal oacetate
whi ch undergoes transamination With glutamate to produce 2-
oxoglutarate and aspartate. 2-oxoglutarate transported into
the cytoplasm undergoes transamination With aspartate in a
reaction nediated vy cytosolic aspartate aminotransferase. As
result, oxaloacetate is regenerated in the cytosol concom -
tant to the production of glutamate. Cytosolic glutamate is
transported into mitochondria in exchange for mitochondrial
aspartate and this process is nmediated by the appropriate
carrier protein (Siesjo, 1978).Importance of this shuttle for
cerebral glycolysis has been repeatedly demonstrated. It has
been shown that ihibition of aspartate aminotranaferase acti-
vity with B-methylene aapartate would interfere with cerebral
gl ucose metabolism (Fitzpatricket al.,1983). El evation of
14C0g production from [1-'4C] pyruvate by aapartic acid in
the primary cultures of astrocytes supports the concept that
cytosolic oxal oacetate nerves as precursor for mitochondrial
mal at e dehydrogenase (Murthy and Hertz, 1988). It has been
postulated that in the presence of excess of ammpnia cytoso-
lic pool of glutamate 1is diverted from the malate-aspartate
shuttle towards glutamine synthesis. Consequently operational
rates of this shuttle will be affected and thus the cerebral

gl ucose metabolism (Murthy and Hertz, 1988). Accunul ation of
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malate (Hindfelt and Siesjo, 1970) and decrease in levels of
glutamate in brain (Cooper and Plum 1987) in hyp.rammonemic
states is in accordance with this concept. Similarly an
increase in lactate production, lactate/pyruvate ratio, and
cytosrlic NADH NAD ratios provides support to this hypothesis
(H ndfelt and Siesjo, 1970; Hawkina et al., 1973; Polli,
1971). It was also shown recently that the production of

14C0, from [1-"4C] pyruvate in primary cultures of astrocytes
was suppressed by the addition of pathophysiological concen-
trations of ammonium acetate (3mM) in the absence of gluta-
raate or glutam ne. This effect was abolished by the addition
of gluatamate, aspartate and glutamine (Murthy and Hertz
1988). Thus, precursors which replenish the cytosolic gluta-
mate pool in hyperammonenic states are capable of supporting
the operation of malate-aspartate shuttle even in the
resence Of awwonla. Thus, it appears to be true that anmmpnia
affects cerebral energy netabolism but the mechanism is

different from that proposed by Beasaman and Bessman (1955).

Thus it appears from the above that the effects of
ammoni a on cerebral dysfunction especially due to deranged
cerebral energy nmetabolism is an enigma. The main reason for
thila appears to be lack of lnformatlon on the effects of
ammonia on specific netabolic compartmente of brain. One way

to approach this problemia to understand the metabolism at



glucose in these compartments and the interrelationships
between these com:irments while they netabolize glucose in
normoammonemic and inN hyperammonemic states. As these meta
bolic conpartnments have distinct cellular localizatiuvu, it
may be worthwhile to study the above processes in the cells
isolated from normal and experimental aninmals or conduct such
studies in cells in primary cultures. The information gained
from such in vitro studies may later be extended to in vivo
situation. Though the availability of cell cultures has sim-
plified this problem the results obtained from such studies
must be cautiously interpreted as the cells in in vivo states
are exposed to tenporal and vectoral dynam c changes in the
bl ood and brain and due to this netabolism might be different
from that observed in vitro situation. Hence, in the present
study, various cellular and subcellular fractions isolated
from normal and hyperammonemic rats were used to study glu-
cose metabolism. |t has been assumed that whatever changes
that have taken ; !'ace in these metabolic conpartnents are
retained while they are being fractionated. Experinents of

the present study do support this assunption

As was nentioned earlier, a brief review of the salient

aspects of cerebral energy nmetabolism is given bel ow.

It is well established that brain function is criti-

cally dependent on its energy metabolism. Any alterations in



the eneiwy are known to be associated with weural disfunction
and viceversa. Conditions auch as anoxia, ischemia, hypo-
glycemi a which alter cerebral energy reserved usually results
not only in neuronal dysfunction but also neuronal death.

Mor eover, brain has a very high netabolic rate when compared
to other tissues. ihough brain is only 2* of the total body
wei ght, its oxygen consunption is about 20% of total oxygen
consunption of the body. Tues cerebral energy stores are
utilized not only for synthesis of various npolecules and
transport of various ligands, they are also used for the
maintenance Of ionic gradients. In fact, it has been shown
that about 1/3 of the total curebral energy stores are spent
tor thia purpose (Berl, 1971). This iS understandable, as

mai ntenance of ionic gradients is very essential for electri-

cal activity of the brain.

Despite such dependence on energy netabolism brain can
utilize very few subatrates for its energy metabolism. In
fact, for long time it was believed that brain can utilize
glucose for its energy nmetabolism However, recent studies
have indicated that brain has the capacity to utilize ketone
bodi es (during devel opment and during prolonged starvation)
and amino acids such as glutamate, aspartate, glutam ne and
branched-chain amino acids (Hawkins et al., 1971). However,
glucose is the best known substrate for the maintenance of

cerebral energy metabolism



Cerebral glucose utilization, under normal physiol o-
gical conditions, varies from species to species and even in
a given species it varies with the physiological status ot
the animal. |In addition, even under a particular physiolo-
gical state it differs fromregion to region in brain. In
general, the white matter regions have a |esser rate of

glucose utilization than grey matter regions

Despite such a critical dependence on glucose utiliza-
tion, brain has very little free glucose content. In tact,
free glucose can only be detected in the brain only if its
nmet abolism is arrested or slow down considerably prior to the
isolation of the brain fromthe animal. This is usually done
eithe by rapid freezing of brain to subzero tenperatures
(liquid nitrogen temperature; -180°C) or by application of
specific inhibitors of various Intermediary reactions or by
rapidly heating the brain to 60- 70°C with the help of the
m crowaves. Tissues like liver and nuscle have adequate
stores of glycogen which would be utilized if the need
ari ses. However, in brain the glycogen stores are neager and
are not adequate to support its metaboliasm for prol onged

peri ods (Karnovskyet al., 1980).

For reasons nentioned above, brain glucose consumption
is dependent on the supply of glucose through the blood

G ucose is transported from blood into brain by nmeans of a



atereo specific saturable carrier nmediated fecilitated
transport mechanism (Fishman, 1964). G ucose transport into
brain has been measured by using labelled s'ucose or deoxy-
«lucoge (Bachelard, 1971, Sokoloff, 1977; Pachelard et al . .
1973). In recent years, glucose |abelled with positron emit-
ting nucleids is also used to study glucose transport into
brain. These studies indicated regional heterogenity in giu-
cose transport in brain. The grey matter regions take up
glucose much nore avidly than the white matter regions. The
Km of the glucose transporter across blood brain barrier for
gl ucose appears to be butween 6- 10 umoles in several of the
mammalian species studied (G owdon et al., 1971; Buschiazzo
et al., 1970; Bachelard et al., 1973, Daniel et al., 197S;
Pardridge and O dendroff, 1977; G |boe and Betz, 1970; Betz
et al., 1973). Thus, the observed Kmis close to plasm

gl ucose conc entrations. Any variations in plasma gl ucose
concentratlions may thus effect the transport of glucose
across blood brain barrier. In fact, it has been shown that
brain glucose levels were elevated rapidly when plasmafclu
cose levels are between 2-7 mmolea and nuch nore alowly when
pl asma gl ucose levels are between 8-20 mmolea. The reported
Vmax val ues for glucose transport across blood brain barrier
is between 1-2 umoles/gm/min. G ucose utilization by brain,
determ ned by various methods is either less than or equal to

the rate ot glucose transport (0.6 to 1.0 mpmoles/am/min;

35



Hawkins et al., 1974; Sokoloff et al., 1977). Thus it appears
that wuunder normal physiol ogical conditions, the transport of
gl ucose across blood brain barrier ia not a rate limting
factor for cerebral glucoae utilization. However, any altera-
tions either in blood supply or in glucose content
(especially decrease as in hypoglycenm a) would influence tin
availability of glucose to brain. G ucose uptake by brain was
al so observed to change with fucntional states of brain and
by drugs which alter these functional states su~h as depres-

sant s andconvul sant . <.

Beyond bl ood brain barrier, glucose is avidly transpor-
ted into various cell types and into nerve term nals by
saturable carrier mediated mechani sns. The kinetic paraneters
of these celllar (as well as of synaptosomal) transport
mechani sm appear to be different fromthat of blood brain
barrier. For exanple, the affinity of glucose transporter
synaptosomes was reported to be 30 times higher than that of
bl ood brain barrier (Diarmond and Fishman, 1973). Thus these
systens can operate even if extracellular glucose concentra-
tions are lower than that of plasma. Similarly, astrocytes in
primary cultures were shown to have a Km of 0.37 mmoles With
Vmax of about 30 nmoles/mg protein/min (Cuwmins et al.,

1979) .



METABOLI C FATE OF GLUCOSE I N BRAIN:

The glucose that enters the brain and is taken up into
cells and into nerve terminals has nultiple nmetabolic fate.
Thus in these cerebral conmponents glucose may be utilized for
gl ycogen synthesis, or it may enter into hexosemonophosphate
shunt or into glycolytic pathway. In the former pathway
glucose is converted into various other sugars ranging from
tetroses to heptoses (if it is F type of pathway) or octoses
(if it is L type of pathway). In the glycolytic pathway
glucose is converted to lactate and pyruvatre and the latter
woul d be oxidized in the citric acid cycle. A brief account
of the netabolic fate of glucose in these pathways is given

below:

GLYCOGEN METABOLI SM

G ycogen is an unique energy reserve which requires no
ATP for the initiation of its metabolism As was mentioned
earlier, brain glycogen content is very |ow when conpared to
the tissues like liver and nmuscle. In brain glycogen content
is about 2-4 umoles/gm wet wt of tissue and it varies wth
pl asma gl ucose content and functional status of the brain. As
the cerebral glucose utilization is about 1-2 umoles/gm/min
the cerebral glycogen stores can sustain the brain energy
wetabolism for not nore than 5 min after the cassation of the

bl ood supply. Despite such a low content, brain glycogen lis
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dynamic as there is a rapid, continuous breakdown and synthe-
sis of glycogen (17 umoles/kg/min; Watanabe and Pasnonneau,
1973). Brain glycogen content also responds to variety of
conditions. It increases during anesthesia (Passonneau et

al. , 1971), ethanol intoxication (Veloso et al., 1972),
recovery fromischema (Mrsuljaet al., 1976), porto-caval
anastomosis (Cavanagh and Kyu, 1971; Zamora et al., 1973;
Norenberg and Lapham,1974), nethionine sul phoxim ne intoxica-
tion (Phelps, 1975; Norenberg and Lapham 1974; Hevor and
Gayet, 1981) and conditions of traumatic injury to centra
nervous system (Farkas-Bargeton et al., 1972; Uatanabe and
Passonneau, 1974). Brain glycogen turnover rate is increased
by @lucocorticoids (Uatanabe and Passonneau, 1973). Cerebra
gl ycogen stores are depleted when energy utilization exceeds
production as in ischema (Folbergrova et al ., 1970; Mreul ja
et al., 1976; Uatanabe and Ianhii, 1976; Kobayashi et al.,
1977) and during enhanced electrical activity as in convul -
sions (King et al., 1967; Ferrendelli and McDougal, 1971a, b;
McCandl ess et al., 1979). The cerebral |ocalization of glyco-
gen seems to be a controversy. Phelps (1972) reported that

gl ycogen granules are in neurons and glial cells of immature
animals while they are restricted to astrocytes in adults
These results are not in agreement with those of Passonneau
and Lowy (1971), Guth and Uatson (1968) and Sotel o and

Palay, (1968) who reported the presence of glycogen in neu-



rons and glial cells. Recently Inone et al., (1988) denon-
strated the presence of glycogen synthetase in neurons,
astrocytes, ependymal cells, oligodendrocytes and cells of
choroid plexus. Further, they have also reported that immuno-
reactivity to glycogen synthetase anti body was nore intense

in neurons than in glial cells

Enzynmes responsible for the synthesis and utilization
of glycogen and their regulatory properties have been denon-
strated in brain (Coldberg and 0’'Toole, 1969). Several neuro-
transmitters and hornones and even ions |like K* were shown to
influence the activities of these enzymes (Quachet al.,
1978). Rate of synthesis obtained in vitro and in vivo were

simlar at 1-2 pwol es/gm/hr.

Four of the separate enzymic stages were involved in
the synthesis of cerebral glycogen from glucose. The first
one of these is hexokinase. |t phosphorylates glucose to
@lucose-6-phosphate With the expense of one ATP nol ecul e.
This i« common route for glycolysis, glycogen synthesis and
hexosemonophosphate shunt. The route specific for glycogen
commences With the conversion of glucose-6-phosphate to wlu-
coge-l-phosphate by phosphoglucosemutase. This is a
reversible reaction. The next enzyne catalyzes the intercon-
version 0of glucose-1-phosphate and UTP with organic pyrophos-

phate and UDP-glucose. The last step in which glucose unit



from UDP-~glucose adds to preformed glycogen is catalyzed by
gl ycogen synthetase. Qut of all these four enzymes glycogen
synt het ase reaction was observed to be the slowest one. Two
tormg Of the synthetase have recu.tly been detected which
differ in sensitivity in glucose-6-phosphate activation.
Interconveruion Of these two forms "D' (dependent on o 1 weuves e
6-phoaphate) and "1 " (independent of glucose-6-phosphate)
occurs enzymically and play an important role in controlling

the cerebral glycogen stores.

HEXOSEMONOPHOSPHATE SHUNT PATHWAY:

There are several controversies regarding the contribu-
tion of this pathway to cerebral glucose netabolism This
pat hway provides two essential conponents viz. riboae sugars
and NADPH. The foimer are required for nucleic acid synthesis
and the latter nostly for 1lipid synthesis. Depending on the
method and the cerebral preparation used the contribution of
this pathway for cerebral glucose netabolism has been esti-
mated to be 35% (Sacks, 1965; Hotta and Seventko, 1968; Appel
and Parrot, 1970; Hostetler and Landau, 1967; Hostetler et
al., 1970; Haki mand Moss, 1972, 1974). Fromthese reports it
appears that the shunt pathway is definitely active in brain.
However, in recent years, two types of this pathway i.e., F
type and L type have been demonstrated. F type pathway is

suppused t0 be restricted to fat cells and L. type to liver



and other tissues (Williams, 1980). There is no definitive
evidence as to which type of pathway is present in brain. The
enzymesa Of the pathway have been demonstrated in the brain.
The most interesting observation is that é-aminonicotinamide
(an inhibitor of the pathway) prevents the incorporation of
glucose label into glutamate (Gaitonde 1981 ). It has al so
been shown that this pathway is during cerebral devel opnment
(O Neil and Duffy, 1966). It was also reported that the
turnover of glucose in this pathway woul d decrease under
conditions of increasd energy demand (Kauffmann et al.,

1969) .

The major metabolic fate of glucose in brain seems to
be its entry into glycolytic pathway. In general, glucose can
be metabolized anaerobically (glycolysis) or aerobically
(respiration). In uerobic cells glycolytic pathway hus three
main functions: (1) it constitutes the first obligatory and
preparatory step for the further oxidation of glucose nole-
cule (2) it provides glucose-é6-phosphate for the hexosemono-
phosphate shunt w.ich yeilds pentose sugars for synthesis of
nucl eoti des, nucleic acids and NADPH for reductive synthesis
of lipids and other macromolecules (3) it contributes signi-
ficantly to enecigy production in situations where oxygen is

lacking.

G ycolysis can be mainly devided into two stages. First
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stage leads to the formation of 2 phosphorylated 3-carbon
intermediates from glucose at the expense of two ATP nole-
cules. The second stage is that involving conservation of

ener gy.

The initial step in the glycolysis is the phosphoryla-
tion of the glucose to glucose-6-phosphate which is catal yzed
by hexokinase, is an irreversible reaction. Cerebral tissues
show hi gh hexoki nase activity in keeping with their depen-
dence on carbohydrate metabolism. |t has been studied exten-
sively in cerebral preparations and its properties indicate
that it can constitute a controlling factor in the netabolism
of the glucose by brain in vivo (Mcllwain and Bachelard,
1971). Hexokinase is regulated by available |evels of sub-
strate and products. Hexokinase occurs partly particul ate and
partly in cytoplasm (Crane and Sol, 1983). The mitochondrial
enzyme exhibit chromatographic properties and kinetic beha-
viour simjilar to those of cytoplasmic system (Thonpson and
Bachel ard, 1970). The association of hexokinase to the mto-
chondria depends upon the ATP/ADP ratios present in the
ti ssues. The rate of available Mg®* and ATP is important for
the activity of this enzyme. This glucose-6-phosphate iS
reverai bly converted to fructose-6-phoaphate by glucosephos
phate isomerase. This fructose-é-phosphate gets phoaphory-

lated tO0 fructose-1,6-diphosphate by phosphofructokinase at



the expense of one nore ATP nol ecul e.

The mechanism of this enzyme action is particularly
conplex and is relevant to its role as a major control point
of glycolysis. It undergoes a peculiarly conplex series of
interrelated modifications of its activity, involving groups
of inhibitore and activators or deinhibitors, including its
substrates and products, each one of which may effect the
action of another (Passonneauand Lowy, 1963; Lowry and
Passonneau, 1976). Like hexokinase, the ratio of Mg®*/ATP is
critical for the enzyne activity. This enzyme activity ia
i nhibited by excess ATP one of the substrates, is augnented
by another inhibitor, citrate. Inhibition by both is
decreased by the other substrate, fructose-6-phosphate. ATP
inhibition is also reduced by inorganic orthophosphate, 5'-
AMP, cyclic 3'-5'AMP and monovalent cations (potassium or
ammonium i ons). The inhibition by citrate provides a point of
regul atory contact between the pathways of glycolysis and
citric acid cycle in which accunul ation of one internediate
of the cycle might decrease the rate of entry of metabolites
fromglycolysis to the cycle. Fructose-1,6-diphosphate iS
split up into di hydroxyacetone phosphate and gl yceral dehyde-
3-phosphate by aldolase. Aldolase is found in cerebral
extracts from many species as a soluble enzyne of high acti-
vity (Lowry et al., 1954; Buell et al., 1958) yith a high

affinity for its substrate. The enzyme of manmmalian cerebral



cortex occurs atleast in 5 forma which differ in electropho-

retic mobility from the aldolases of other tissues

Glyceraldehyde-3-phosphate and di hydroxyacet onephos-
phate are freely interconvertible through the action of
triosephosphate isomerase. Since, only glyceraidehyde-3-
phosphate ia metabolized further along the main route of
glycolysis it can be regarded that in the first stage of
glycolysis two nolecules of glyceraldehyde-3-phosphate were
formed from one nol ecul e of glucose. The glyce:r .l dehyde-3-
phosphate is oxidized to 1,3-diphosphoglycerate by gl yceral -
dehyde~-3-phoaphate dehydrogenase With the reduction of NAD*
to NADH. The 1,3-diphosphoglycerate ia a high energy interme-
diate which in a subsequent reaction (catalyzed by phospho-
gl ycerate kinase) donates a phosphate group to ADP with
formati on of ATP and 3-phosphoglycerate. This ia converted to
2~phosphoglycerate by phoaphogl yceronutase. 2-phosphoglyce-
rate is dehyd:r.. : to yield phoaphoenol pyruvat e in a reaction
catal yzed by enolase. Phosphoenolpyruvate |la a high energy
conpound and can donate a phosphate group to ADP resulting in
the formation of ATP and pyruvate. The reaction is catalyzed
by pyruvate kinase. This al so conai dered ae one of the regu-
latory points of cerebral glucose metaboliam (Rolleston and
Newsholme, 1967). The activity of this enzyme ia inhibited by

free ATP; as with hexoki naae and phosphofructokinase, the
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Mg:ATP ratio which is important (Rolleaton and Newsholme,
1967; UWood, 1968). The enzyme is stimulated by potassium and

ammonium iona and inhibited by sodium ions.

The sum of all reactions leading to formation of pyru-

vate from glucose will be
G ucose + 2P + 2ADP + ZNAD’7> 2Pyruvate + 2ATP + 2NADH

At this point, the aerobic and anaerobic pathways
diverge. |f oxygen La available, pyruvate is further oxidized
to carbondioxide in citric acid cycle in the mitochondria.
Under anaerobic conditions pyruvate is reduced to lactate in

a reversible reaction catalyzed by lactate dehydrogenase.

Lactate dehydrogenase exists in atleast 5 different
nmol ecul ar forms or isozymes in higher animals (M«; MaH; MeH;
MHa;Ha). The M4 and MaH isozymes are found to predominate in
ti ssues highly dependent on glycolysis for energy , eg.,
white skeletal muscIe and enbryonic tissues. The MHa and H.
laozymes predonminate in tissues with a purely aerobic or

respiratory metabolism (Lehninger, 1984).

Utilization of glucose by the brain in vivo proceeds
normal ly at 18 mmoles/gm/hr and of this 3 umoles/gm are
converted to 6 umoles of lactic acid in each hour (Mcllwain
and Bachel ard, 1971). The formation of lactic acid can how

ever greatly increse when oxygen is limted or when cerebral



activity increases and rate of some 400 - 1000 umoles/gm/hr

are then reached during brief periods (King et al, 1967).

Under aerobic conditions the further metabolism of the
gl ucose nol ecul e occurs in the mtochondria where the pyru-
vate, (formed in the glycolysis) is further oxidized to CO:
and water. Citric acid cycle is the main site to produce

metabolically useful energy.

The reaction catalyzed by pyruvate dehydrogenase com-
plex is not the part of the citric acid cycle but serve the
purpose of the delivering two carbon units from the pyruvate
mol ecul e to the pool of citric acid cycle intermediates. The
first carbon atom di sappears as COg. The pyruvate oxidation
mechani smis rather conplicated, requiring three sets of
enzyme bound reactions leading to COA S~ Ac and NADH. The
three enzynes nanely, pyruvate decarboxylase, |ipoate acetyl-
transferase and lipoamide dehydrogenase are tightly bound
toget her. Pyruvate dehydrogenase is inhibited by its products
acetyl CoA, NADH and other I|igands such as ATP. Ca®** stinu-
lates the activity of this enzyme. Inhibition by ATP is
t hrough c¢AMP dependent protein phosphorylation (Jope and
Blasa, 1975, 1976; Randle et al., 1978). The interconversion
of active and inactive forms were shown to be dependent on
the energy state of the brain rather than the functional

state (Booth and Clark, 1978).
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As the rate of fatty acid oxidation were observed to be
very low in brain, the acetyl CoA generated from pyruvate
remai ns undiluted (Balazs and Haslam, 1965). However, the
met abol i ¢ pool of pyruvate originating from glucose may be
diluted by the pyruvate originating from the metabolism of

amino aci ds such as al anine, serine, lysine and glycine.

The acetyl CoA, that is forned by the oxidation of the
pyruvate condenses with oxal oacetate in a reaction nediated
by citrate synthetase resulting in the formation of citrate.
The citrate is converted to isocitrate via cis-aconitate by
aconitase. At equilibrium the distribution of these com
pounds are as follows: 91* citrate, 3* cis-aconitate and 6%

isocitrate.

The next step in which isocitrate is oxidized to 2-
oxoglutarate is catalyzer! by isocitrate dehydrogenase. Two
types of isocitrate dehydrogenases occur in cerebral tissues
and they differ in their coenzyme requirenents and in sub-
cellular localization. The mmjor activity, NAD*-linked is
exclusively mitochondrial in occurence and is about 4 times
nore active in mtochondria than the NADP* |inked enzyne
which is found partly mitochondrial and partly soluble
(CGoebell and Klingenberg, 1964; Salgonicoff and Koeppe,
1968). NAD* - isocitrate dehydrogenase requires Mn®* or Mg=+*

and is activated by ADP which suggests it may perform a
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regul atory role in citric acid cycle (Coebell and Klingen-
berg, 1964; Goldberg et al., 1966). The phosphorylation and
dephosphorylation of this enzyme was shown to be a regulatory
mechanlam operative in bacteria (Garnak and Reeves, 1979

LaPorte and Koshland, 1983).

The oxidative decarboxylation of 2-oxoglutarate tO
succinyl CoA are high energy intermediate is catalyzed by the
enzyme 2-oxoglutarate dehydrogenase. This has properties
gimilar to those of pyruvate dehydrogenase. The furthe: neta-
bolism of succinyl CoA to succinate is catalyzed by succinyl-
thiokinase, allows substrate |evel phosphorylation of GDP to
GTP. Succinate is oxidized to fumarate by succinate dehydro-
genase With FAD as the hydrogen acceptor. Succinate dehydro-
genase is nodul ated by CoQ40/CoQ+0He ratio and indirectly by
ADP and NADH. The inhibition exerted by oxal oacetate on this
enzyme would be of physiological importance. This is followed
by the conversion of fumarate to malate via the fumarase
reaction. The malate thus produced, is oxidized to oxal oace-
tate in the presence of NAD* in a reaction catalyzed by
mal at e dehydrogenase. This is a reversible reaction. Ml ate
dehydrogenase is present both in cytoaol and mitochondria.

So the sum of all the citric acid cycle including oxidative

decar boxyl ati on of pyruvate ia as follows:
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Pyr + 4NAD* + FAD* + GDP* + Pi >

3C0e + 4NADH + FADHg + GTP

For one revolution of the cycle oxal oacetate condenses
wWith acetyl-CoA and, since oxal oacetate reappears in the |ast
reaction, the cycle is truely regenerative and all ows, at
least in theory, the oxidation of unlimted amount of acetyl

groups from pyruvate.

OTHER REACTI ONS ASSCCI ATED WITH CI TRI C ACI D CYCLE:

Pyruvate can also enter the cycle after conversion to
oxal oacetate and metabolites other than pyruvate can enter as
acetyl CoA. There are several reactions in which some of the

met abolites of citric acid cycle were generated.

Labelling of 2C and 3C of glutamate by using 2-["*]-
pyruvate inplies the formation of oxal oacetate by addition of
carbondioxide. The use of *4COg Oor H'4CO; al so showed the CO.
to be rapidly incorporated into malate in mammalian brain.
Glutamate and especially aspartate were also rapidly |abelled
(Cheng and Waelsch, 1963; Berl et al., 1962). Three of the
enzyne systens catal yzing such incorporation were observed in
cerebra preparations (Utter, 1959). These are carboxylation
of pyruvate to form oxal oacetate (catalyzed by pyruvate
carboxyl ase), carboxylation reactions which forms numl ate
(catalyzed by malic enzynme) and carboxylation of phosphoenol-

pyruvate to form oxal oacetate (catalyzed by phosphoenol pyru-
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vate carboxykinase). Al these enzymes were stinulated by

biotin, acetyl CoA and ATP.

Oxal coacetate formation by this route proceeds at
about only 12 pmoles of pyruvate carboxylated/gm/hr in rat
cerebral cortex and in confined to the mtochondria (Salgani-

coff and Koeppe, 1968).

The second one ‘'malic enzyme' which catal yzes NADPH
linked formation of oxal oacetate from pyruvate and carbon
dioxide is active in the brain and reacts at rates from 50-90
umoles/gm/hr and occur mainly in mtochondria (Utter, 1959;
Sal gani coff and Koeppe, 1968).

The third one ‘phosphoenolpyruvate carboxykinase’ would

act mainly as a decarboxylating enzyne.



SCOPE OF THE PRESENT INVESTIGATION:

The main aim of the present study ia to understand the
alterativuns in the cerebral energy metabolism in hyperammo-
nemic states. For this purpose, the follow ng studies were
made in the present investigation.

(1) Studies with homogenates:

This study will provide information as to the hyper-
amoneni a induced changes in cerebral energy netabolism are
uniformall over the brain or whether they are restricted to
any particular region. This will further help in selecting
the region(s) for the rest of the investigation. Only enzyne
studies were perforned in these preparations. The results
were presented in Chapter 3.

(2) Studies with subcellular fractions:

The cerebral energy metabolismrequires a close inter-
action between cytosol and mitochondria. Mreover, some of
the enzymea of carbohydrate metabolism are present both in
cytosol and mitochondria. Hence, it was felt that a study
with subcellular fractions would help in a better under-
standi ng of changes in cerebral energy netabolism in hyper-
ammonemic states. In this phase, studies were conducted on
the enzynes of carbohydrate netabolism and on glucose oxida-
tion. Further, selected nmetabolites of carbohydrate neta-

bolism were also determined in the subcellular fractions
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after they were incubated with glucose. Results of these
studies were presented in Chapter 4
(3) Studies with cellular fractions

Brain is a cellular npsaic consisting of three mgjor
cell types viz., neurons, astrocytes and oligodendrocytes.
These cells are structurally, and functionally different from
each other and their nmetabolic profiles are highly
characteristic to a given cell type. Under such circum
stances, it is possible that anmonia (at a pathophysiol ogi ca
concentrationg) may have a uniform effect on the three
different cell types or it (ammonia) nay have different
effects on different cell types. Hence, these three cel
types were isolated from normal and hyperammonemic rat cere-
bral cortex and the metabolic alterations were studied. In
this study, as was done earlier, activities of the enzynmes
participating in carbohydrate netabolismwere determined. In
addition, alterations in glucose oxidation were also investi-
gated. Further, these cells were incubated with glucose and
the levels of various netabolites were determ ned

In addition to the heterogenity between different types
of cells, a new type of heterogenity was observed in the
present study. This is between functionally distinct segments
of the same cell, especially in neurons. Differences were
observed in the distribution of enzymes and intermediates of

glucose netabolism and in the rates of glucose oxidation in
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synaptosomea and in neuronal perikarya. These results have
al so been discussed. Results obtained in this study were

presented in the Chapter 5.



MATERIALS AND METHODS



MATERI ALS s METHODS

MATERI ALS

Acetyl thiocholine iodide, adenosine di phosphate (ADP),
adenosi ne triphosphate (ATP), acetyl coenzyme A, L-aspartic
acid, alanine, aspartate aminotranaterase (AAT), alanine
aminotransferase (ALAT), aldolase, aconitase, butyrylthio-
choline iodide, bovine serum al bumin (BSA), coenzyme A (Co
A), cocarboxylase (thiam ne pyrophosphate; TPP), citrate
dithiothreotol (DTT), 5-5-dithiobis-2-nitro benzoic acid
(DTNB), deoxyribonucleic acid (DNA), ethylenediaminetetraace
tic acid (EDTA), enol aae, fructose-é-phosphate, fructose-1,6-
diphosphate, glutamate, Y-glutamyl monohydroxamate, glutamate
dehydrogenase (GDH), glyceraldehyde-3-phosphate, «C-glycero-
phoaphat e dehydrogenaae (K-GDH), glucose-6-phosphate dehydro-
genase (G-6-P DH), 4-(2-hydroxyethyl)-l-piperazineethanesul-
fonic acid (HEPES), hexokinase (HK), isocitrate dehydrogenase
(ICDH), |actate dehydrogenaae (LDH), |actate, malate dehydro-
genase (MDH), nicotinamide adenine di nucleotide (NAD*), nico-
ti nam de adeni ne dinucl eoti de reduced (NADH), nicotinamide
adeni ne di nucl eoti de phoaphate (NADP*), oxaloacetate, 2-
oxoglutarate, phosphoenol pyruvat e, phenazi ne methosulfate
(PMS), 2-phosphoglyceric acid, ribonucleic acid (RNA), pyru-
vate kinase (PK), phosphoglucose isomerase, pyridoxal-5-

phogphate (P-5-P), sodium succinate, sodium pyruvate, triose



phosphate isomerase (TPI) were purchased from Sigma chemical
co., St.Louia (USA). Ficoll-400 waa obtained from Pharnmacia
Fi ne Chem cals, Uppsala (Sweden). 2-(4-Iodophenyl)-3-(4-
nitrophenyl)-5-phenyl tetrazolium chloride (INT) waa pur-
chased from Loba Chemie, India. Iriton-X-100 was procured
from Koch-Light Chemicals, UK Rest of the chemicals were ot
AR or CR grade and were purchased locally. Toluene, dioxane,
naphthalene, diphenyl oxazole (PPO), 1,4-(bis-4-methyl-5-
phenyl oxazole-2 yl benzene (POPOP) and Triton X-100 were ot
scintillation grade. Ethanol was distilled and treated ove
night with silver nitrate. Alcohol free of aldehydes was then
redistilled and used. BU C8451 dibromide was a gift from
Uellcome Ltd., Kent (UK). [ U-"4C-GLUCOSE ] with specific
activity of 292 mCi/mmole and [U-*4C-GLUTAMATE] with specific
activity of 240 mCi/mmole were supplied by Bhabha Atomic
Research centre, Bombay, INDIA Nylon meshes were purchased
from Nybolt Co., Zurich.

AN NALS:

Adult albino rats of Wistar strain were used as experi-
mental animals. The animala were of either sex having a body
wei ght of about 250 - 300 grans. Aninals were maintained in
air conditioned rooms (21+1° C in groups of 6-8 per cage
with free access to food (balanced pellet diet from Hindustan

Lever Ltd.) and water.
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I NDUCTI ON OF HYPERAMMONEMIA:

Hyper ammoneni a was induced as per the method described
earlier (Subbalakshm , 1981, 1984; Subbal akshm and Mirt.hy,
1981, 1983, 1984, 1985; Jessy, 1988; Jeasy and Murthy, 198,
1989; Ratnakumari et al. , 1985; Ratnakumari and Murt hy
1989).

Acute hyperammonemia:

Ammonium acetate (2.5 mmoles/100g body wei ght), dissolved in
saline, was administered intraperitoneally, while the con-
trols received none. Treated animals were decapitated during
the convul sive phase which usually appeared between 25-50 min
after the adminstration of ammonium acetate. |In sone experi-
ments, animals were killed in preconvul ai ve period approxi -

mately 20 wmin after the administration of anmonium acetate.

Subacute hyperammonemia:

Anmoni um acetate (0.35 mmoles/100gm. body wt), dissol-
ved in saline, waa adnministered intraperitoneally. With thia
dogage there waere no convulalons in th a animala even alter s
hra. However, animals in thie group were aleso decapitated
between 25-30 min after the administration of ammonium ace-

tate.

in vitro effects of anmonia:
Ammoni um acetate waa added to the assay m xtures or

i ncubation media containing either homogenatea or aubcellular
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or cellular fractions to a final concentration is either 1 or
5or 10roll.
Tl SSUE PREPARATI ON

Brains were quickly removed from the heads of decapitated
animals and transferred to ice-cold saline. Regi onal dissec-
tion of brain was performed at 0° C. Brain was dissected into
cerebral hem spheres, cerebellum and brain stem (consisting
of pons and medul |l a).
PREPARATI ON OF HOMOGENATES:

Different regions of brain were weighed separately and
homogenates (10% weight/volume) of individual regions were
prepared in 0.32 M ice-cold sucrose solution using Potter-
Elvehjem homogenizer With a serrated teflon pestle. The notor-
speed was maintained at 800 rpm and eight to ten up and down
strokes were given during homogenization. Tenperature was
maintained at 0 - 4° C during this process. The 10% honpge-
nates were diluted with 0.32 M sucrose to required strength
as and when necessary. Triton X-100 was added to a fina
concentration of 0.1% (v/v) as a detergent to solubulize

membranes.

PREPARATI ON OF SUBCELLULAR FRACTI ONS

Subcel lul ar fractions, viz., mitochondria, synaptosomes
and cytosol were prepared only from the cerebral cortex of
normal and hyperammonemic rats. The method followed for this

purpose was that of Cotman (1974) as described by Subba-
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| akshmi and Murthy (1984, 1985a and b), Subbalakshmi (1984),
Jessy (1988) and Ratnak umari and Murthy (1989, 1990). Cere-
bral cortex was honpgenized in 0.32 M aucroae (pH 7.4) to
obtain a 104 (w/v) homogenate and was centrifuged at 1,000g
tor 5 min. The supernatant (S-1) waa aepirated and the
pellet (P-1) waa discarded. Supernatant (S-1) was further
centrifuged at 15,000 g for 12 min to obtain a pellet (P-2;
consisting of myelin, synaptosomes and mitochondria) and
supernatant (S-2). The pellet (P-2) was suspended in 5 ml of
0.32 M sucrose and |ayered over a preformed discontinuous
density gradient of 4%, 6% and 13% Ficoll-400 in 0.32 M
sucrose (pH 7.4) and was centrifuged at 63,580 g for 45 min.
Si nul t aneously, the supernatant (S-2) was also centrifuged at
the sane centrifugal force. This reaulted in the separation
of nyelin (in 4% Ficoll |ayer) esynaptosomea (at the inter-
phaae of 6% and 13% Ficoll-400) and pellet (P-3) consisting
of mitochondria. Myelin |layer was discarded and the synapto-
somal |ayer was aspirated with a Pasteur pipette and diluted
with 0.32 M sucrose and centrifuged at 50,000 g for 20 min to
sedi ment synaptosomes. Mitochondrial pellet was also sub-
jected to simlar treatment. The synaptosones and mitochon-
dria were suspended in 0.32 M sucrose and the protein content
was adjusted to 1 mg/ml. The supernatant obtained fromthe
centrifugation of S 2 waa taken as cytosol and the pellet

(P-3, consisting of broken menmbranes and nicrosomes) was
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di scarded. Unl ess otherw se nentioned, these fractions were
frozen overnight at -20* C and Triton X-100 was added to a
final concentration of 0.1% before uae. Al the centrifugal
operations were carried out at 0 - 4° C in a high speed
refrigerated centrifuge (Beckman J2-21 or Remi C-24) and the
ultracentrifuge used for density gradi ent separation was MSE

superspeed 700 or Beckman L8-80M.

CELL | SOLATI ON PROCEDURES:
Neurons and Astrocytes

Both neurons and astrocytes were isolated using the
method of Faroog and Nort<.. (1978) with a few modifications
(Jessy, 1988; Jessy and Murthy, 1989 and 1990). Cell iso-
lation medium consisted of 8% (wWyv) glucose, 5% (Wv) fruc-
tose and 2% (w/v) Ficoll-400 in 10 mM potassium phosgphat -
sodium hydroxi de buffer, pd 6.0. Additional Ficoll was added
to this mediumto prepare solutions of increasing densities.
Thus, a 7% Ficoll solution contained a total of 9i Ficoll and
so on. Cerebral cortex was isolated trom the rats soon after
decapitation. Gey matter was separated from the white
matter and gently pressed on a wet Uhatman No.1 filter paper
to renove meninges and surface capillaries. Free hand slices
of approximately equal thickness were prepared and incubated
at 37° Cwith constant shaking in isolation medium ¢5

ml/biwin) coOnsisting of 0.1% acetylated trypsin. After 60
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min, trypsin containing medium was aspirated and the tissue
was washed once with 5 nl of isolation medium and then with
ice-cold isolation medium containing 0.1% soybean trypain
inhibitor (5 m/brain). This suspension was cooled to 4°C
for 10 min aud the tissue was washed once again with cull
isolatlon medium Tisaue slices were then placed on ,00 u
nylon screen and the cells were dissociated by gently tapping
the tissue with a glass rod. The nylon screen was washed
with isolation medium and the dissociated cells were colle-
cted. The crude cell suspension was then passed tw ce succe-
ssively through monofilament nylon screens of pore diameter
300 u, 105 u, 80 u and 55 u to renpve debri3 and broken
processes. The crude cell suspension was centrifuged at 720g
for 15 min at 4°C. The pellet (P-1), enriched with cells,

was suspended in 7% Ficoll-400 and centrifuged at 720g for 10
min to separate a neuronal cell enriched pellet (P-2).
Supernatant (S-1) was diluted in the ratio of 1:1.125 with
the isolation medium and centrifuged at 1,120¢ for 20 mn to
get a pellet enriched with astrocytes (P-2). Both these cell
enriched pellets (P-1 and P-2) were suspended separately in
cell isolation nmedium and |ayered separately on two different
preformed density gradients of 15*. and 28% Ficoll-400 and
centrifuged at 8,500 for 10 win. The pellet contained
relatively enriched fraction of neuronal perikarya (refered

hereafter as neurons) and the interface between 15% and 28%
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Ficoll-400 contained astrocytes enriched preparation. Thi s
interface was aspirated and diluted with medium and centri-
fuged to obtain aatrocyte enriched pellet. Both the neuron
and aatrocyte enriched pellets were washed with 0.32 M suc-
rose and were suspended in the sane.

Cells from the experinmental aninmals were isolated in a
simlar manner with slight modifications. The tine for incu-
bation with acetylated trypsin was reduced to 50 min and the
crude cell suspension obtained after the disaggregation step
was passed only through 300, 105, 80 u nylon nmeshes. The
tine for each differential centrifugation was increased by an

additional 5 mn.

Isolation of oligodendrocytes

Oligodendroglia were prepared essentially by the method
of Snyder et al., (1980) with alight modificationa. Cell
i solation nedium was Hank's bal anced salt solution containing
25mM Hepes and the pH of the final solution was adjusted to
7.2 with sodium hydroxide. Nor mal and experinmental animals
were decapitated and the cerebral hem spheres were isolated.
After the renoval of blood capillaries as described above,
slices of gray matter were transferred to 5 m of Hank's
bal anced salt solution with 0.1% acetylated trypsin. After 30
mn of incubation at 37°C, incubation nedium was decanted,
the tie«ue washed once with 5 m of isolation medium and

suspended in 5 mM of medium containing 0.1% soybean trypsin
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inhibitor and chilled for 5 min on ice. The tissue was
placed on 300 u nylon mesh stretched over a porcelain Hirsh
funnel and gently tapped with a glass rod to aid dissociation
of cells. The nylon screen was washed with isolation medium
and the dissociated cells were collected. Crude cell suspen-
sion was then passed tw ce successively through monofilament
nylon screens of pore diameter 300, 105, 80, 50 and 30 u.

The final cell suspension was centrifuged at |,120g for 10
min. The petlet, enriched with cells, was suspended in 35%
sucrose and was |ayered over a discontinuous sucrose gradient
of 8 m¥ of 53% sucrose and 5 ni of 45% sucrose in nmedium

The tubes were centrifuged at 3,065g for 15 min in a swi nging
bucket rotor. The pellet and 53% sucrose gradient containing
oligodendroglia were diluted five fold with isolation medium
and centrifuged to sediment cells. Oligodendroglial cells
were suspended in 0.32 M sucrose.

Purity of the cell preparations was monitored with phase
contrast microscopy and by determining the activities of
speci fic marker enzynes.

Cell nunber

An aliquot (10-20 ul) of the call enriched preparation
was diluted and stained with methylene blue (0.24) and the
cell nunber was determined With a haemocytometer. Cells were
counted at random in several of the RBC chambers and the cell

nunber was calculated using the formula
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Number of cells/RBC chamber X 1000
0.00625

Cell nunber of neurons, astrocytea and oligodendroglia
were determined by this method. Syuaptosomal nunber could
not be determined by this method as their size was beyond the
resolution of the light mcroscope.
Cell viability

Viability of the isolated cells was determ ned by dye

exclusion nmethod uaing 0.4V trypan bl ue.

BIOCHEMICALMETHODS
ENZYME ASSAYS:

Al the enzynme assays, excepting those involving
radi oactive aubatratea or colorimentric methods were carried
out in Glford spectrophotometer (nodel 250), using a therno-
programmer t0 mamintain the tenperature at 37° C. Opt i mal
concentrationa of enzyme, substrate and cofactors and tinme of
incubation (ilf necesasary) were determned separately for each
enzyme in homogenates, subcellular and cellular fractions
(Fig no.1 to 16). These were adjusted in such a way to
obtain a linear change in the rate of enzyme reaction during
the assay. Changes in abasorbancy were recorded at 15 sec
interval for a period of 5 min and the results were plotted.
From these plots, absorbancy changes in the linear kinetic

zone were obtained and uaed for calculating the activities of

63



the enzymes. The final volume of the assay mixture was 250
pl, unless otherwise nentioned. Protein contents of the sub-
cellular and cellular prepartations were adjusted to 1mg/ml
before the commencenent of the assay.
Blankas

In all the enzyme assays, except for pyruvate and 2-
oxo-glutarate dehydrogenases and glutamic acid decarboxylase,
non specific changes in the absorbance were recorded in the
bl anks in which substrate was substituted with an equal
volume of distilled water. Coenzyme A (CoA) was onmitted in
the assays of pyruvate and 2-oxoglutarate dehydrogenases.
Enzyne activities were corrected tor the nonspecific activi-

ties obtained from bl anks.

ENZYMES OF GLYCOLYTIC PATHWAY
HEXOKINASE (HK; E.C.2.7.1.1):

Hexokinase activity was aasayed by the method ot
Bergnmeyer and Bernt (1974). Glucose-6-phosphate formed in the
hexokinase reaction was reduced to 6-phosphogluconiC ..id
With glucose-6- phosphate dehydrogenaase in the presence at
NAD. Change in the absorbancy at 340 nm, due to the formation
of NADH.H in the course of the latter reaction, was followed.

Tisase HK
G ucose + ATP G ucose- 6- phosphat e + ADP

64



Commer ical

G 6-P DH
Glucose-6-phosphate ---~_  <¢ > 6-Phosphogluconic acid
NADE' NADPH
The reaction m xture consists of 80 mM triethanolamine- HCJ

(pH 7.6), 1.3 mM glucose, 740 mM magnesium chloride, 27.2 M
NADP , 19.2 mM ATP, 20 units o: glucose-é-phosphate dehydro-
genase/ml of reaction mixture and 10 ul of either 10% homouge
nate or subcellular fra-tions or 20 ul of cell suspensions
Reaction was started by the addition of ATP and the increase
in absorbance at 340 nm was followed for 5 min at 15 aec

int ervals.

PHOSPHOFRUCTOKI NASE (PFK; E.C.2.7.1.11)

The method of Foe and Kenp (1982) was adopted to assay the
activity of this enzyne. Fructose-1,6-diphosphate formed in
the course of the reaction waa converted to dihydroxyacetone
phosphate by the addition of aldolase and triose phosphate
isomerase (TPI). The added glycerophosphate dehydrogenase (£
GDH) converts the di hydroxyacetone phosphate to glycerol-3-
phoaphate and in the course of the reaction NADH would be
converted to NAD. Rate of this reaction waa followed by
changea in the abaorbancy at 340 nm.

Ti ssue PFK

Fructose~6-phosphate + ATP___ > Fructose-1, 6-diphosphate
+ ADP
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comercial Aldolase
Fructose-1,6-diphosphate > glyceraldehyde-3-phos-
phate + di hydroxyacetone
phousphate

commercial TPI
Glyceraldehyde-3-phosphate < > di hydroxyacet one
phosphate

commercial « -GDH
Dihydroxyacetone phoaphate -?»—-—q;-> glycerol -3-phogphate
*
NADH NAD

The assay mi xture consists of 50 mM Tris-HCl buffer <uoH
8.0), S mM magnesium chloride, 1 mM dithiothreitol, 1 nM

EDTA, 0.2 mM NADH, 1 mM ATP, 25 mM fructose-é6-phosphate, 40
units of aldolage/ml of reaction mi xture, 20 units of triose
phosphate isomerase/ml of reaction mixture, 20 units ot « -
glycerophosphate dehydrogenase/ml of reaction mi xture and 10
ul of 10% homogenate or 2.5 ul of subcellular fractions and 5
ul of cell suspension. Reaction was initiated by the addi-
tion of fructose-6-phosphate and the decrease in absorbancy

was measured at 340 nm.

ALDOLASE (E.C.4.1.2.13)

Al dol aae was assyed by the nethod of Bergmeyer and Bernt
(1974). Trioae phosphate isomerase (TPI) was added to convert
the glyceraldehyde-3-phoaphate to di hydroxyacetone phosphate
and the latter conpound was reduced to glycerol-3-phosphatle

with the help of glycero-3-phoaphate dehydrogenase in the
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presence of NADH. Rate of formation of NAD was followed by
the change in absorbance at 340 nm.

Ti ssue Aldolase
Fructose~1,6-diphosphate - > Glyceraldehyde-3-phosphate

+ Di hydroxyacet one
phosphat e.

commercial TPI
Glyceraldehyde-3-phosphate < >Dihydroxyacetone
phosphate

commercialGDH
Ditydroxyacetone phosphatej}rﬁ———ﬁg--> glycerol-3-phosphate

+
NADH NAD

The reaction mixture contained 94 mM tri ethanolamine
bufter (pH 7.6), 0.2 mM NADH, 1.1 mM fructose-1,6-diphos-
phate, 5 units ot trioae phosphate isomerase/ml of reaction
m xture, 5 units of glyero-3-phoaphate dehydrogenase/ml Ot
reaction mxture, and 10 ul of 104 homogenate Oor 2.5 p1l ot
any one of the subcellular fractions or 5 ul of cell sus-
pensi on. Reaction was started by the addition of fructose-
1,6-diphosphate and the decrease in abaorbance was followed

at 340 nm for S min at 15 sec intervals.

GLYCERALDEHYDE- 3- PHOSPHATE DEHYDROGENASE (E.C.2.7.1.40)

The method of Allison and Kaplan (1964) was adopted for
the assay of this enzyme. In the normal course of the re-
action inorganic phosphate is incorporated into glyceral -

dehyde- 3- phosphate to form 1,3-diphosphoglyceric acid with
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the conconmitant reduction of NAD to NADH H. However, in the
assay mxture, equilibriumof the reaction was driven forward
by substituting inorganic phosphate with arsenate, resulting
in the formation of a nonmetabolizavie product 1l-arseno-3-

phosphoglycerle acid. Reduction of NAD was followed at 340

nm
Ti ssue GLPDH
Glyceraldehyde-3-phosphate + arsenate = < > l-argeno-3-
’ y di phospho-
gl ycerate

-f
NAD NADH. H

The reaction mxture consisted of 45 mM sodi um pyropho-
sphate buffer (pH 8.5), 0.24 mM NAD, 0.12 umoles of glyceral-
dehyde- 3- phoaphat e, 5 mM disodium araenate and 10 ul of 10%
homogenate or 5 ul of one of the three subcellular fractions
or 5 ul of cell suspension. Reaction was initiated by the
addition of glyceraldehyde-3-phosphate and increase in absor-

bancy at 340 nmwas followed for every 15 sec up to 5 ausu.

ENOLASE (E.C.4.2.1.11)

Enolase activity was assayed by the nethod of Berumeyer
and Bernt (1974). Phosphoenolpyruvate (PEP), forned by the
action of enolase on 2-phosphoglycerate, was converted to
pyruvate by pyruvate kinase (PK) and then to lactate with
lactate dehydrogenase (LDH) which drives the reaction forward
with the concomitant oxidation of NADH  Rate of formation at

NADH. H. was followed at 340 nm
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Ti eaue Enolase
2-Phosphoglycerate > Phosphoenolpyruvate

Commercial PK
Phosphoenolpyruvate + ADP > Pyruvate + ATP

comercial LDH +
Pyruvate + NADH < Lactate + NAD

The reaction mixture consists of 83 mM triethanolamine
buffer (pH 7.6), 3.3 mM magnesium sulfate, 0.2 aM NADH, 0.09
MV 2-phosphoglycerate, 0.1 mM ADP, 5 units of pyruvate
kinase/ml of reaction m xture, 5 units of lactate dehydroge-
nase/ml of reaction mxture and 2.5 ul of either 10% homo-
genate or any one of the three aubcellular fractions or 5 ul
of cell suspension. Reaction was started by the addition of
2-phosphoglycerate and the decrease In the absorbance at 340

nm was followed for 5rainat 15 sec intervals.

PYRUVATE KINASE (PK;E.C.2.7.1.40)

Pyruvat e ki nase was assayed by the nmethod of Bergmeyer
and Bernt (1974). This reaction was coupled to that of |ac-
tate dehydrogenaae (LDH) so that the pyruvate formed in the
course of reaction is converted to lactate in the presence of

NADH. Rate of formation of NAD was followed at 340 nm.

Ti ssue PK
Phoaphoenol pyruvate + ADP—____ > Pyruvate + ATP
commercial LDH .
Pyruvate + NADH < > Lactate + NAD

69



The reaction mxture consists of 100 mM triethanolamine
buffer (pH 7.6), 0.65 mM phoaphoenol pyruvate, 3 rnMmagnesium
aulfate, 12 mM potassium chloride, 5.6 mM ADP, 0.24 mM NADH,
5 units of lactate dehydrogenase/ml of reaction mixture and 5
ul of either 10% homogenate or any one of the three subcellu-
lar or cellular fractions. Reaction was started by the addi-
tion of phosphoenolpyruvate and the decrease in optical den-

sity at 340 nm was followed for every 15 sec up to 5 min.

LACTATE DEHYDROGENASE (LDH;E.C.1.1.1.27):

Activity of this enzyme was determi ned by the method of
Bergmeyer and Bernt (1974). The activity of this enzyne was
assayed in both the directions by following the changes in

absorbancy at 340 nm (pyruvate—___ > lactate) or at 500

nm in the presence of PMS and INT (lactate— > pyru-
vate) .
5 . Tissue LDH -
yruvate '-"7'—"‘—‘%:"" actate
NADH NAD'

The reaction mxture for measuring the |actate produc-
tion contained 48 mM potassi um phosphate buffer (pH 7.6), 0.6
mM pyruvate, 0.18 mM NADH and 0.2 ul of 10% honogenate or 0.5
pl of any one of subcellular fractions or 1 ul of cell sus-
pension. The reaction was initiated by the addition of
pyruvate and the fall in the absorbancy at 340 nm was

followed up to 5 min at 15 sec intervals.
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The reaction mixture for the assay in the directon of

pyruvate formation contained 48 mM potassium phosphate buffer
4

(pH 7.6), 1.2 mM |actate, 0.36 mM NAD, 6.5 nM PMS, 0.33 mM
INT and 5 a1 of any one of the three subcellular fractions or
1 pl of any one of the cell suspension. Reaction was started
by the addition of lactate and was followed as the change in
absorbancy at 500 nm at 15 sec intervale up to 5 mn.
PYRUVATE DEHYDROGENASE AND CI TRIC ACI D CYCLE ENZYMES
Pyruvate dehydrogenase (PDH, E.C.1.2.4.1)

The nmethod described by Hinman and Bl ase (1981) was used for

assayi ng PDH.

Ti ssue PDH
Pyruvate + CoA + NAD_____ > Acetyl CoA + CO + NADH.H
NADH.H + PM5 + IN— > formazan (reduced tetra-

zolium) + NAD'+ ATS
The reaction mxture consists of 50 mM potassium phos-
phate buffer (pH. 7.8), 2.5 mM NAD , 0.2 mM thlamine pyrophos-
phate, 60 mM CoA, 0.3 mM dithiothreltol, 5 mM pyruvate, 1 mM
magneaium chloride, 6.5 uM (PMS), 300 uM INT and 10% homoge-
nate or 20ul of of subcellular fractions or 10 ul of either
of the cell suspension. After preincubation for 5 mn at
37°C, CoA was added and change in absorbancy at 500 nm was

fol | owed.
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Citrate synthase (CS; E.C.4.1.3.7)

The method of Shepherd and Garland (1969) was adopted
for the assay of citrae synthetase.

Ti ssue CS
Acetyl CoA + Oxaloacetate_ > Citrate + CoA(SH)

Free thiol groups of CoA (formed in the course of the
reaction) were reacts * with 5,5'dithio-bia(2-nitrobenzoic
acid) (DTNB) and the rate of formation of DINB-thiol conplex
was measu:r d at 412 nm.
Free thiol groups + DINB._____ > DTNB-thiol col oured

conpl ex
Assay m xture consisted of 96 mM Tria-HC1l buffer

(pH.8.0), 97.2 uM DTNB, 0.24 mM oxaloacetate, 48 uM acetyl
CoA and 10 ul of 10% homogenate or 20 ul of subcellul ar
fractions or 2.5 ul of cell suspension. Reaction was ini-
tiated by the addition of oxal oacetate. Increase In abasor-
bance at 412 nmwas recorded at 15 sec. interval for 5 min.
Enzynme activity was calculated using the nolar extinction
coefficient of DTNB-thiol conplex (1 36 x 10* ).
(Srere, 1969).
ISOCITRATE DEHYDROGENASE (ICDH (NAD); E.C. 1.1.1.41)

This enzyne was assayed by the nethod of Plaut (1969)

+ Tissue |CDH

Isocitrate + NAD. > 2-oxoglutarate + COy °
NADH. H
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NADH.H + PMS + INT______ > formazan (reduced tetra-
zolium) + NAD + PMS

The reaction mixture contained 33.3 mM Tris-acetate
buffer (pH 7.2), 1 mM magnesiumchloride, 0.64 nM ADP, 333 uM
NAD, 5.28 mM isocitrate, 6.52 uM PMS, 300 uM INT and 10 ul
of 10% (w/v) honpgenate or 20 ul aubcellular fractic « or 5
pl of cell suspensions. The reaction was initiated by the
addition of isocitrate and change in absorbancy was followed

at 500 nm aa described above.

2-0XOGLUTARATE DEHYDROGENASE (2-0GDH; E.C.1.2.4.2)
The method of Reed and Mukher jee (1969) was uaed for
the assay of this enzyme.

,Tissue GDH
2-oxoglutarate + CoA + NAD_____ > Succinyl CoA + C0e +
NADH. H

NADH.H + PMS + INT_—____ > ,urmazan (reduced tetra-
zolium) + NADY+ PMB
The reaction m xture consisted of 50 mM potassium
phosphate buffer (pH.8.0), 1 mM nmagnesium chloride, 2 mM NAD,
0.2 uM thiamine pyrophoasphate, 60 uM coenzyme A 1 aM 2-
oxoglutarate, 6.52 uM PMS, 0.3 mM INT and 10 ul ot 10%
honpgenate or 20 ml of subcellular fractions or 10 ul of cell
suspension. The reaction was initiated by the addition of CoA

and changes in abaorbancy was followed at 500 nm
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SUCCI NATE DEHYDROGENASE (ZDH; E.C.1.3.99.1)

Succi nat e dehydrogenase was assayed as per the method

of Veeger et al., (1969) .
Succinate + FAD___ > Fumarate + FADH:

FADHe + PM5 + DCPIP (blue) > FAD + PMS
DCPIP (col ourl ess)

The assay mixture consists of 50 nM potassium phosphate
buffer (pH.7.6), 40roMsuccinate, 6.52 uM PM5 and 50 uM
di chl orophenol indophenol (DCPIP) and 10 pl of 10% homoge-
nate. Reaction was initiated with the addition of succinate
and the reducion of DCPIP was followed at 600 nm for 5 min at
15 sec intervals.

Activity of this enzyme in subcellular fractions was

determined as per the method of Nandakumar et al (1973).

succinate + FAD___ > fumerate + FADH.
FADH, + PMB + INT_—_—________ > formazan (reduced tetrazolium)
+ FAD + PMB

The assay mixture, in a final volume of 1 m, contained
40 mM succinate, 100 nM Tris-phosphate buffer (pH.8.0), 4 mM
INT, 1.63 mM PMS and 100 ul of subcellular fractions or 5 ul
of cell suspensions. The tubes were lncubated at 37° C for
15 min and 2 m of glacial acetic acid waa added to arrest

the reaction and the colour was extracted in to 5 m toluene.
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Optical density of the formazan formed was neasured at 500

not .

MALATE DEHYDROGENASE (MDH; E.C.1.1.1.37)

Activity of this enzyne was studied in both the direc-
tions by the nmethod of Yoshida (1969).

. Ti ssue MDH

L-Malate + NAD < > Oxaloacetate + NADH H

The reaction mxture for the assay in the direction of
oxal oacetate formation, consisted of 83.2 mM Tris-HC1
(pH.8.8), 3.7 mM malate, 0.33 mM NAD, 6.52 wuM PMS, 0.3 mM
INT and 10 a1 of 10% homogenate or 5 ul of subcellular
fractions or 1 u1 of cell suspension. Reaction was initiated
by the addition of nmlate and was followed at 500 nm.

Reaction mixture for the assay in the direction of
mal ate formation (oxaloacetate > malate) consisted of
84 mM Tris-HC buffer (pH.8.8), 3.36 mM oxaloacetate, 160 uM
NADH and v.2 ul of 10% homogenate or 0.5 ml of subcellular
fractions or 1 ul of cell suspension. The reaction was ini-
tiated by the addition of oxal oacetate and decrease in abaor-
bancy at 340 nm was followed at 15 sec intervals for 5 win.
Activity was calculated using extinction coefficient (EmM e

6.22) of NADH.

ASPARTATE AMINOTRANSFERASE (AAT;E.C.2.6.1.1)

The nmethod of Bergmeyer and Bernt (1974) was adopted

I6)



for the assay.

Ti ssue AAT
L-Aspartate + 2-Oxoglutarate < > Glutamate + Oxal o-
acetate
The oxaloacetate formed in the reaction was converted
to malate using purified malate dehydrogenase (MDH) and the
NADH consumed in the course of reaction, which will be pro-
portional to AAT activity, was neasured.
commercial MDH
Oxaloacetate <—t}>--__ z-=-=-=» Malate
‘\' .

NADH NAD

Assay mi xture consisted of 80 mM potassium phosphate
buffer (pH.7.4), 20 mM aspartate, 18 mM 2-oxoglutarate, 10
M@/ml ot MDH ( in 50% glycerol ), 0.52 mM NADH and 1 ul of
10% homogenate Oor 0.5 ul of subcellular fractions or 5 ul of
cell suspensions. Oxidation of NADH was followed at 340 nm at
15 sec intervals for 5 min after the addition of 2-oxoglu-

tarate.

ALANI NE AMINOTRANSFERASE ( MAT; E.C.1.1.1.42)
A simlar method was adopted for the assay of ALAT

(Bergmeyer and Bernt 1974).

Ti ssue A1AT
Al anine + 2-oxoglutarate < > G utanmate
+ Pyruvate
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The pyruvate, so forned, was converted to lactate in
the presence of NADH and purified |lactate dehydrogenase
(LDH) .

commercial LDH
Fyruvate <--,-;x---:.—<;—> Lactate

NADH Nap "’

The assay mi xture consisted of 80 roll potassium phos-
phate buffer (pH 7.4), 40 mM alanine, 18 mM 2-oxoglutarate,
4 ug/ml of LDH (in 50% glycerol), 0.52 mM NADH and 1 ul of
10% homogenate or 0.5 mul of saubcellular fractions or 5 ul of
cell suspension. After a preincubation of 5 min at 37°C, 2-
oxoglutarate was added and the rate of NADH oxi dation was

followed at 340 nm at 15 sec intervals for 5 mn.

ACETYLCHOLI NESTERASE (AChE; E.C.3.1.1.7) and PSEUDOCHOLIN-
ESTERASE (PChE; E.C.3.1.1.8):

The cholinesterases were assayed by the nethod of
Ellman et al., (1961) .

Assay mixture for acetylcholinesterase (250 ul) con-
tained 40 pinoles of sodium phosphate buffer (pH 7.9), 0.15
umoles of acetylthiocholine iodide, 0.1 umole of DITNB and 10
ug of enzyme protein. Assay mixture for pseudocholinesterase
(250 nl) contained 40 umoles of sodium phosphate buffer (pH
7.9), 0.75 upmoles of butyryl thiocholine iodide, 0.1 umoles

of DTNB, 100 uM ot BUW 284 C51 (acetylchol ineest erase inhibi-
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tor) and 10 pg of enzyme protein.

The reactions were carried out at 37 °C and the
increase in absorbancy was recorded at 412 nm. Enzynme activi-
ties were calculated by using the molar extinction coeffi-
cient of DTNB thiol conplex (1.36 X 104) (Srere, 1909) and
expressed as pmoles of acetylthiocholine or butyrylthiocho-
line hydrolyzed/mg protein/hr or nmoles Of acetylthiocholine
Oor butyrylthiocholine hydrolyzed/cell/hr.

GLUTAMINE SYNTHETASE (GS; 6.3.1.2):

Glutamine synthetase was amayed by the nethod described
by Roue et al. (1970). In thie reaction ammoniumsalts were
replaced with hydroxylamine and the Y-glutamyl hydroxanmate
formed during the course of the reaction was determ ned
colorimetrically after its reaction with ferric chloride.

The assay mixture (2 m) contained 100 pumolea Of imida-
zole-HCl buffer (pH 7.2), 40 unples MgCly, 50 umoles 2-
mercaptoethanol, 100 umoles L-glutamate, 20 unples ATP, 200
umoles of hydroxylamine hydrochloride and 200 ug #f enzyne
protein. In the blanks both ATP and L-glutamate were omtted.
Av the end of 15 min incubation 3 m ferric chloride reagent
(6 gm FeCla, 3.35 gm trichloroacetic acid and 6.6 ml
conc.hydrochloric acid in 100m of water) was added and
centrifuged. The abaorbtancy of the supernatant was neasured
at 535 nm. Using Y-glutamyl monohydroxamate aa standard, the

enzynme activity was cal cul at ed.
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GLUTAMIC ACI D DECARBOXYLASE (GAD, E.C.4.1.1.15):

Glutamic acid decarboxyl aae was assayed by the method of
Murthy and Sadasivudu (1978) with some modifications as
suggested by Rao and Murthy (1988).

'4C-GABA formed from [U-'4C]glutamate in the course of
the reaction was separated by paper chromatography and the
radiocactivity of GABA spot was detern ned

The reaction mixture (0.3 ml) contained 250 mM potassium
phosphate buffer (pH 6.6), [(U-'4C) glutamate (100 mM, 3,300
dpm/nmole). 2.5 mM 2-mercaptoethanol, 1 mM ethylenediamine-
tetraacetic acid, 0.1254 (v/v) Triton X-100 and 13 pM pyri-
doxal-5-phosphate. Reaction was initiated by addition of
enzyne protein (50 ugms of protein of subcellular or cellular
preparation) . |ncubations were carried out at 37°C for 30 nun
and was stopped by the addition of 2 m of ethanol. The
reaction mxture was centrifuged at 10,000 rpm for 5 min and
the supernatant was dried overnight at room tenparature.

Resi due was dissolved in distilled water, chromatographed
along with authentic amino acid standards on Whatman No.1l
chromat ogr aphy paper using n-~butanol : acetic acid : water
(65:15:25) as solvent. Paper containing GABA spot (identified
with the help of an authentic standard) was separated and
transferred to a vial with Bray's scintillation fluid and the
radioactivity was determned in a Beckman LS 1800 Iliquid

scintillation spectrometer. Boiled enzyne wus used in the
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blanks.

ACTI VI TY CALCULATI ONS

In many of dehydrogenase assays described above, the
term nal electron acceptor, |INI, was reduced to formazan.
Hence, the relationship between the anpunt of formacan formed
and the NAD(P)H formed was established. This was carried out
in two stages. In the first stage a formazan standard curve
was prepared to establish the relationship between the opti-
cal density and the anpunt of formazan. |In the second stage,
INT concentration was fixed at a large excess and was reduced
to formazan with varying NAD concentrations in an enzynatic

reaction.

CHEM CAL REDUCTI ON OF | NT

The reaction m xture (250 ml) contained 12.5 pinoles of
phosphate buffer (pH 7.8), different concentrations of |NT
(20-100 nmoles) and 50 pl of 1% ascorbic acid with a trace of
0.1 N NaOH. The reaction was allowed to proceed till there
was no further change in absorbancy (about 15 min) and the

final absorbancy value at 500 nm was recorded.

ENZYNMATIC REDUCTI ON OF |INT
An assay mixture (250ul) consisting of 12.5 umoles of
phosphate buffer (pH 7.8), 75 nmoles of INT, 0.01 to 0.1

nnmoles of NAD , and 0.8 umoles of malate was incubated at
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37 C Reaction was initiated by the addition of 2.5 ng of
purified MDH (commercial) and was allowed to proceed to
conpl etion. Final abaorbancy at 500 nm was recorded. Graphs
were plotted with umoles of NAD on X-axis and umoles oOf
formazan on Y-axia.

OTHER BI OCHEM CAL METHODS:

REMOVAL OP AMMONIA FROM COMMERCI AL ENZYMES

Enzymes supplied by Signa were originally in ammonium

sul phate (2M) solution. Renpval of ammonium ions was essen-
tial, especially when studying the in vitro effect of ammm-
nium ion on the enzymes of interest. Hence, the enzynmes were
di al yzed agai nst several changes of 10 mM potassi um phosphate
buffer (pH 7.6), till the dialysate and the buffer were free
of ammonia (tested with Nessler's Reagent). Dialysis bags
were washed with distilled water and the contents were
diluted with an equal volume of glycerol to obtain a concen-

tration of 0.5 mg protein/m.

PROTEIN ESTI MATI ON

Protein present in an aliquot of homogenates (100 m 1),
cellular and subcellular fractions (20 ml) waa precipitated
with two volunes of ice-cold 10% trichloroacetic acid (TCA)
and kept at 0°C for 15 min. After centrifugation at 2,500
rpm for 15 min, the protein pellet was washed thrice with 3

mM of ethanaol, ethanol: ether (3:1; V:V) and finally with



ether. The delipidated protein pellet was air dried at room
temparature and dissolved in 1 m of 1N sodi um hydroxi de.

In the case of homogenates 4 nl of bluret reagent was
added to the protein suspension and the absorbancy was
meaaured at 540 am agai nst a sodi um hydroxi de blank (Varley,
1969) .

In the case of subcellular and cellular fractions, a
suitable aliquot of the above was used for protein determ na-

tion by the nethod of Lowry et al., (1951).

AWCON A DETERM NATI ON

Ammoni a levels were determined in the extracts of whole
brain. Rats were decapitated and the heads were allowed to
fall directly into liquid nitrogen and were fixed for 10 min.
Brains «re quickly chiseled out and powdered in a atainl'ess
steel mortor pre-cooled With liquid nitrogen. Tubes con-
taining 5 mM of 5% perchloric acid (PCA) were weighed and the
powdered tissue was transferred and the tubes were reweighed.
Ti ssue was honpgeni zed and centrifuged at 5,000 rpm for 10
min. Supernatant was used for determ ning ammonia content
after neutralization with 2M potassium bicarbonate and
removal of precipitated potassium perchlorate.

Bl ood was collected from neck wound soon after decapi-
tation and serumwas separated. To 0.5 ml of serum 1ml of
5% ice-cold PCA was added. The tubes were kept in ice for 30

mn and centrifuged for 10 min at 5,000 rpm  Supernatants



were neutralised to pH 7.0 with 2 M potassium carbonate and
centrifuged to renmpve potassium perchlorate.

Amoni a was determ ned using phenol-hypochlorite reagent
(Berthelot, 1859; Seligson and Hirahara, 1957; Chaney and
Marbach, 1962; Gorgio, 1974). To 1 m of supernatant, solu-
tion A (containing 50 g of phenol and 250 mg of sodium nitro-
prusside in 3.75 1 water) and 2nm of solution B (8.4 gms
NaOH, 89.2 gms disodium hydrogen phosphate and 10 m of 5%
NaOCl/L) were added. After 20 min the intensity of the blue
colour was read at 630 nm. Ammonium chloride (0.1-1.0 umole)

was used aa standard.

NUCLEI C ACI D DETERMINATION:

Nucl eic acids (RNA and DNA) were estimated by the proce-
dure of Schmidt and Thanhausser (1945). Nucleic acids present
in one m of cell suspension (in 0.32 M sucrose; of predeter-
mned cell nunmber) were precipitated with 2 nl of 10% tri-
chloroacetic acid (TCA). The pellet was washed once with 2 n
of 10% TCA and delipidated by washing twice with ethanol,
ethanol:ether (3:1) and ether as suggested earlier. The final
pellet was dried overnight at room tenperature and digested
in one m of 1N potassium hydroxide at 37<C for 2.5 hours.
Both DNA and protein were precipitated with 0.2m of 6N HCl
and 0.6m of 5% (wv) TCA The supernatant contained ribo-

nucleotides. The pellet was hydrolyzed with 5% TCA at 80°C



for 30 miutes and centrifuged after cooling to room tempera-
ture. The absorbance of the nucleic acids was measured at
260nm (Hitachi spectrophotometer), USing Calf thymua DNA and

yeast RNA as standards.

PRODUCTI ON OF *4CQOs FROM [U - *4CJ GLUCCSE:

Reaction m xture consists of 110mM NaCl, 1. 2mM MgSO.,
5mM KC1, 20mM HEPES, 10mM NaH.PO. (pH 7.4), 1mM CaClp, 2nH
glucose,0.1 uCi of [U- *4C] glucose (500dpm/nmole) was
placed in vials closed with Kontes rubber stoppers from which
center well, with a strip of Whatman No.1 filter paper, was
suspended. Viala were sealed with high v. cum grease and
parafilm. The reaction was initiated by the addition of the
subcellular/cellular fractions. The reaction mxture was
i ncubated with shaking for 30 minutes at 37=Cc. To the zero
time controls, perchloric acid was added before commencing
incubation. After the incubation period, 0.2mM of hyamine
hydroxi de was injected in to the presuspended center wells.
Reaction was termnated by injecting 0.2 ml of 3M perchloric
acid In to the reaction mixture.The reaction mxture was
further incubated for 1 hr with shaking at 37°C. At the end
of incubation, the center well were rempved and introduced in
to scintillation vials containing 10 mM of Bray's scinti-
Ilation fluid. Radioactivity was determi ned in Beckman Liquid

Scintillation spectrometer. Optimal tinme and enzynme



concentrations were determined separately for each fraction

(fig no. 17-18).

METABOLI TE ASSAYS:

The subcellular and cellular prepartions (equivalent to
3 mg protein) were incubated aeperately with shaking in
Kreb's Ringer-glucose-HEPES nedium (121 mM NaCl; 5 mM KC1;
0.6 mM CaClg; 1.3 mM MgSO.; 10 mM NaHgPQ.; 10 mM HEPES and 5
mM glucose; Final volune 1 m) for 30 min at 37¢C. At the end
of incubation, perchloric acid was added to a final concen-
tration of 0.3 M and the the tubes were transferred to ice
bath. After 10 min, the tubes were centrifused and the super-
natant was neutralized with 2 M potassium carbonate till the
pH is 7-7.4. The tubes were once again transferred to ice
bath and centrifuged after 15 min at 10,000 g for 5 min. The
neutralized supernatant was used for the determination of
various netabolites by spectrophotometrlc methods. The final
volune of the reaction mxtures for all the determinations
was 0.5 m and the reaction was initiated by the addition of
supernatants (equivalent to 40 to 150 ugma of protein). Al
the reactions were carried out in a Htachi spectrophotometer
with a thermoprogrammer adjusted to 37°C. Changes in
absorbancy were recorded at 1 mn interval till 3 to 4
consequent val ues coincide with each other. Usually, each

met abolite was assayed in 2 to 3 different volunes of



supernatant along with internal standards. Authentic
standards (different concentrations) were used for preparing
a standard curve and for the calculation of netabolite
concentrations.

GLUCOSE-6-PHOSPHATE:

Glucose-6-phosphate content was determined by the method
of Fol bergrova et al., (1972h).

The gl ucose-6-phosphate present in the sanple was
converted to é6-phosphogluconate W th gl ucose-6-phosphate
dehydrogenase with the concomitant reduction of NADP to
NADPH. The change in the absorbancy at 340 nm gives a neasure

of gl ucose-6-phosphate content.

,» O6PDH
G ucose- 6- phosphate + NAD¥__ > 6-phosphogluconolactone +
NADPH + H
6-phospho-gluconolactone + HgO_ > é-phosphogluconate.

The assay mixture consists of 100 mM Trie (pH 8.0), 0.03
mM NADP, 0.2 mM DIT and gl ucose 6-phosphate dehydrogenase 0.5
na/ml of reaction mixture. The reaction was conpleted in 3-5

min. Sensitivity of the assay method wae 10 nmolea/ml.

FRUCTOSE-6-PHOSPHATE:
Fruct ose- 6- phosphate was estinmated according to the
procedure of Fol bergrova et al., (1972a). Fructose-6-phos-

phate was converted to glucose-6-phosphate with phospho-



glucose iaonmerase and then to é6-phoaphogluconolactone with
glucose-o-phosphate dehydrogenase (G 6-P DH) with the con-
comitant reduction of NADH_to NADPH. Change in abaorbancy
gives a neasure of fructoase-6-phoaphate.

phosphoglucose isomerase
Fructose-6-phosphate > glucose-6-phosphate

+ G6PDH
glucose-6~phosphate + NADP____ > é-phospho-gluconolactone
+ NADPH + H
Reaction mixture consists of 50 mM Tris HC1 (pH 8.0),
NADP 0.03 mM, phosphoglucoae iaonmerase 20 ug/ml of reaction
m xture, glucose-6¢-phosphate dehydrogenase 10 ug/ml of reac-
tion mxture. Tine taken for the reaction for conpletion was
8-10 min. M ninum concentration that can be detected by this

met hod was 6 nmoles/ml.

PHOSPHOENOLPYRUVATE:

Phosphoenol pyruvate was estimated by the nethod of
Lowy and Passonneau (1972).

Phoaphoenolpyruvate in the asample waa converted to
pyruvate with pyruvate kinase and then to lactate with lac-
tate dehydrogenase (LDH) with the concomitant conversion of
NADH to NAD. Change in abaorbancy at 340 nm givea a neasure
of phoaphoenolpyruvate.

pyruvat e Kkinase
Phoaphoenol pyruvate + ADP________ > pyruvate + ATP
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LDH
pyruvate + NADH______ > lactate + NAD

Reaction mixture consists of 50 mM phosphate buffer (pH
7.0), 2 mM MgCle , 200 uM ADP, 100 uM NADH, pyruvate kinase 20
pg/ml of reaction mixture and |actate dehydrogenaae 5 ug/ml
of reaction mxture. Tine taken for the reaction for conple-

tion was 12-15rain and the sensitivity was 2 nmoles/ml.

PYRUVATE:

Pyruvate was estimated as per the nethod of Lowy and
Pasaonneau (1972).

Pyruvate was converted to lactate with the addition of
| actate dehydrogenaae (LDH) and the acconpanying change in
absorbancy at 340 nm due to the conversion of NADH to NAD was
taken as a measure of pyruvate content.

LDH *
pyruvate + NADH_______ > lactate + NAD

Reaction mixture consists of 50 mM phosphate buffer (pH
7.0), 4 uM NADH and | actate dehydrogenase 5 jug/nmt of reaction
m xture. Reaction was conpleted in 5 min. Sensitivity of the

met hod was upto 4 nnoles/n .

LACTATE:
Lactate waa neasured according to t'he nethod of Lowy

and Passonneau (1972).



Lactate was converted to pyruvate with the addition of
| actate dehydrogenaae (LDH) and NAD#and the change in absor-
bancy at 340 nm due to NADH formati on was taken as a measure
of lactate content.

LDH

lactate + NAD' > pyruvate + NADH

Reaction mixture consists of 200 mM hydrazine buffer (pH
+

9.6), 2 mM NAD, and |actate dehydrogenase 10 ug/ml of reac-
tion m xture. Time taken for the reaction to conplete was 45-
50 min. Mninum concentration that can be neasured by this
met hod was 10 nmoles/ml.

A TRATE :

Citrate was neasured according to the nethod of

Lowenstein (1969).

aconitase aconitase
Citrate__ > (Cis-aconltate > |socitrate
. IcoH
Isocitrate + NADP—__ > 2-oxoglutarate + COa + NADPH. H

Citrate in the sanple waa converted to isocitrate with
the addition of aconitase. The lsocitrate was then converted
to 2-oxoglutarate With lsocitrate dehydrogenaae (I|CDH) and
NADP. The change in the absorbancy at 340 nm due to NADPH

formation was taken as a neasure of citrate content.



Reaction mxture consists of 100 mM triethonolamine
buffer (pH 7.4), 300 uM NADP, 10 mM MnSO4, aconitase 1 Uni
of reaction mixture, isocitrate dehydrogenase 1.8 Uml of
reaction mxture. Reaction was conpleted with in 5 min and

the sensitivity was 10 nnoles/ml .
| SOCI TRATE

I socitrate was neasured according to the nethod of
Lowenatein (1969).

Isocitrate was converted to 2-oxoglutarate With the
addition of isocitrate dehydrogenase (ICDH). The change in
the absorbancy at 340 nm was taken as a neasure of isocitrate
cont ent.

‘ | CDH
Isocitrate + NADP—___ > 2-oxoglutarate + COp + NADPH H

Reaction mxture consists of 100 mM triethanolamine
buffer (pH 7.4), 300 un NADPt 10 mM MnSO., isocitrate de-
hydrogenase 1.8 Umnm of reaction mxture. Reaction was com
pleted in 8 min and the mninmm concentration of iso-

citrate that can be estimated was 16 nnpoles/m.

2-0XOGLUTARATE:
The nethod of Folbergrova et al., (1972b) was adopted

for the estimation of 2-oxoglutarate.



2-oxoglutarate In the s=ample was converted to gluta-
mate in the presence of ammonium chloride, NADH and gluta-
mate dehydrogenase (GDH) and the magnitude of change in
absorbancy at 340 nm was taken as a neasure of sanple 2-
oxogl utarate content.

CDH +

2-oxoglutarate + NADH + NHA—___> glutamate + NAD

Reaction m xture consists of 100 mM phosphate buffer
(pH 6.8), 240 mM ammoni um acetate, 3 uM NADH, 0.6 mM EDTA,
GDH 120 upgs/ml of reaction mxture. Time taken for the
reaction to terminate was 25-30 min. The mininum concentra-

tion that can be neasured was 12 nmolea/ml.

MALATE:

Malate was estimated by the nethod of Fol bergrova et
al. , (1972b).

Malate was converted to oxal oacetate by the addition
of mal ate dehydrogenase (MDH) and NAD. The NADH formed
(followed by the change in absorbancy at 340 nm was taken

as a neasure of mmlate content.

MDH
+
mal ate + NAD—_____ > oxal oacetate + NADH. H

Reaction mixture consists of 200 mM hydrazine buffer

(pH 9.0), 0.2 mM EDTA, 0.2 mM NAD, MDH 25 ugms/ml of re-
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action mixture. Time interval taken for the completion of the
reaction was 45 - 50mn. The sensitivity was upto 14

nmoles/ml.

ASPARTATE:

Aspartate was neasured according to the nmethod of Fol ber-
grova et al., (1972b).

Aspartate in the sanple was converted to oxal oacetate
with the addition of aspartate aminotransferase (AAT) and 2-
oxoglutarate. The oxal oacetate formed was converted to malate
with malate dehydrogenase (MDH) in the presence of NADH.
The change in absorbancy at 340 nn was proportional to the
amount of aspartate in the sanple.

AAT
aspartate + 2-oxoglutarate > glutamate + oxal oacetate

MDH '
oxal oacetae + NADH____ > npmlate + NAD

Reacti on mixture consists of 100 =M Tris buffer (pH
8.0), 0.1 mM 2-oxoglutarate, 4 uN NADH, aspartate aminotrans-
ferase 5 ugms/ml of reaction mxture and mal ate dehydrogenase
2.5 ugma/ml of reaction mxture. Tine taken for this re-
action for conpletion was 55-60 min. The |owest concentration

that can be neasured by thia nmethod was 6 nmolea/ml.

ALANINE:
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Al ani ne was estimated as per the nethod of Lowry and
Passonneau (1972)

Al anine in the sanple was converted to pyruvate with
the addition of alanine aminotransferase (ALAT) and 2-oxoglu-
tarate. The pyruvate forned was converted to |actate by
the addition of |actate dehydrogenaae (LDH) and NADH. The
change in the absorbancy at 340 nm was proportional to the
amount of alanine present in the sanple.

A1AT
Al anine + 2-oxoglutarate > glutamate + pyruvate
LDH R
pyruvate + NADH_ > lactate + NAD

Reaction m xture consists of 100 mM Tris buffer (pH
8.0), 0.1 mn 2-oxoglutarate, 4 uM NADH, |actate dehydrogenase
2.5 ugms/ml of reaction mxture and al anine aminotransferase
10 pgms/ml of reaction mixture . Reaction was completed
bet ween 50-55 min. The senaitivity of the assay method was

upto 12 nmoles/ml.

GLUTAMATE:

Glutamate was neasured according to the procedure of
Fol bergrova et al. , (197:b).

Glutamate in the sanple was converted to 2-oxogluta-
rate in the presence of NAD and gl utamate dehydrogenase
(GDH). The increase in the absorbancy at 340 was taken for

the amount of glutamate present in the sanple.
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GDH
+
glutamate + NAD_____ > 2-oxoglutarate + NADH + NH.
Reaction mixture consists of 100 mM Tris buffer (pH
8.5), 0.3 mM NAD, 0.1 mM ADP, glutamate dehydrogenase 50
ngms/ml of reaction mxture. This reaction was conpleted
with in 35 min. and the minimum concentration that can be

nmeasured was 8 nmoles/ml.
ADP:

ADP was estimated following the nethod of Fol bergrova
et al., (1972b).

ADP in the presence of pyruvate kinase (PK) gets phos-
phorylated resulting in the formation of ATP and pyruvate.
This pyruvate was converted to |lactate by the addition of
lactate dehydrogenase (LDH) and NADH. The change in the
absorbancy at 340 nm was proportional to the amount of ADP
present in the sanple.

PK
ADP + phosphoenol pyruvate— > ATP + pyruvate
LDH +

pyruvate + NADH____ > Jlactate + NAD

Reaction mixture consists of 50 mM phosphate buffer (pH
7.0), 0.2 mM DTT, 4 M NADH, 0.02 mM phosphoenolpyruvate,

0.02 mM ADP, 2 mM Mg Clg, lactate dehydrogenase 8 upgms/ml of



reaction mixture and pyruvate kinase 0.5 pgma/ml of re-
action mixture. Time taken for the reaction to conplete was
10-15% min and the sensitivity of the assay procedure was up

to 14 nmoles/ml.
ATP:

ATP was estimated as per the nethod of Fol bergrova et
al., (1972b) .

ATP is converted to ADP with the conconmtant phosphory-
lation of glucose to glucose-é6-phosphate in the presence of
gl ucose and hexokinase. This glucose-6~phosphate was conver-
ted to é6-phosphogluconate With G6PDH and in this process NADP
is reduced to NADPH. The change in the absorbancy at 340 nm

gives a neasure of ATP content.

HK
ATP + glucose______ > ADP + G-6-P0O4
+ GOPDH
G-6-P04 + NADP_—______ > 6-P-glucanolactone + NADPH

Reaction mixture consists of 100 mM Tris buffer (pH
7.5), 1.0 mM glucose, 5 mM MgCle, 0.2 mM DTT, 0.03 mM NADF,
hexoki nase 1 pg/ml of reaction m xture, glucose-6-phosphate
dehydrogenase 0.5 pgms/ml of reaction mxture. Tinme inter-
val taken for this reaction for conpletion was 7-10 min and
the least concentration that can be measured was 16

nmoles/ml.
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STATI STI CAL ANALYSI S CF DATA

Conmput er programmes were devel oped for calculating P
values and to assess the statistical significance of the
changes obtained in the course of experinment by Student's "T'

test and Neumans & Kuel's multiple range test.



For all the figures legend is as follows:

C : cerebral cortex; E ¢ cerebellum B : brain stem,

Cy: cytosol; M: nitochondria; S : synaptosomes.

N : neurons; A : astrocytes; O : oligodendroglial cells.

For substrates and other cofactors, optinal concentrations were

checked only in cerebral cortex honogenates.
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STUDIES WITH HOMOGENATES



Regional differences in the utilization of glucose car-
bon for the cerebral energy netabolism have been docunented
repeatedly in literature. These studies have been conducted
by both invasive and non invasive techniques. For such stu-
dies whole animals, whole brain homogenatea, subcellular
fractions and brain slices have been frequently used. Techni -
gues, such as adm nistration of |abelled 2-deoxyglucose
foll owed by autoradi ography, or usage of positron enission
t onography have confirned the earlier findings on the
regi onal and topographical heterogenity of cerebral glucose
met abol i sm ( Sokol of f, 1977, 1980; Brownell et al., 1982
Phel ps et al., 1982). As the cerebral glycogen stores are
inadequate to support the cerebral glucose netabolism for
prol onged periods, brain is dependent on the supply of glu-
cose fromthe blood (Siesjo, 1978). Hence, cerebral glucose
met abol i sm depends not only on the blood glucose content but
also on the cerebral blood flow However, earlier studies of
Bachelard et al., (1973) have shown that the influx of glu-
cose across the blood brain barrier is independent of blood
glucose levels unless the latter is below 2 mM. This suggest
that the cerebral glucose metabolism might be nore dependent
on the cerebral blood flow than on the blood glucose content
unless it is < 2mM.

Regi onal differences have been noticed in the cerebra

vasculature as well as cerebral blood flow In general, grey
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matter regions of the brain receive a greater supply of blood
than white matter regions (Freygand and Sokolotf, 1958). This
is understandable as the grey matter contains the cell bodies
of the neurons, astrocytes, dendritic and axonic arbori-
sations and their terminals. These structures have a greater
energy requirement as they are involved in the maintainance
of the ionic gradients, synaptic transm ssion and biosynthe-
sis of macromolecules. The white matter regions nostly con-
sists of the axons where the synthetic activity is mninal
and are cheifly involved in the nerve conduction or in the
axonal transport. Moreover, the myelin |ipida, which are the
maj or constituents of theae structures, have very low turn-
over rates (Mecllwain and Bachelard, 1971). Hence, the energy
requirements of these regions would naturally be mniml. It
has al so been noticed that the cerebral glucose metaboliam of
a given region would vary depending upon the activity state
of that region. In general, neuronal excitation is associated
with enhanced utilization of glucose while the depression of
the cerebral activity is associated with a reduction in

gl ucose netabolism (Sokoloff, 1977). This difference in the
gl ucose netabolism during the activity states ie usually

associated with enhanced blood supply (Seisjo, 1978).

Besides the cerebral blood flow, other factors might
al so be responsible for the regional heterogenity of glucose

met aboli sm One such factor is the activities of the enzymes
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involved in the cerebral glucose metaboliam in different
brain regions. Presently, these enzynes have been cate-
gorised, as is customary, into two groups: those enzymes
involved In the conversion of glucose to pyruvate and |actate
(glycolytic enzynmes), (2) those involved in the oxidation of
pyruvate (pyruvate dehydrogenase and citric acid cycle
enzymes).

In this chapter attention will be focussed on the acti-
vities of the enzynmes involved in the glucose netabolismin
the homogenates of diferent brain regions, in normal and
hyperammonemic states. It muat be stated that studies have
been carried out in the past on the regional distribution as
well as the subcellular distribution of the glycolytic
enzynmes in rat brain under various experinental conditions
(Knull, 1977, 1978, 1980; Kuull and Khandelwal, 1982; Lai and
Blasa, 1984 a, b). However, no such studies have been condu-
cted during hyperammonemic States.

In the present study activities of the enzymes of the
gl ucose netabolism 1n the honpgenates have been represented
in two nodes viz., activity per gm. wet weight of tissue and
activity per mg protein (specific activity). Expression of
the activity per gram wet weight of the tissue alone could be
msleading if there are differences in the contribution of
the water content and the dry matter to the total tissue

weight nf diffarent brain regions in normal conditions.
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Moreover, in the experimental conditions, if these paraneters
are altcred, then the results will also be msleading. Sim-
larly, if the activities are expressed only per mg protein,
then any changes in the protein content will also result
either in an underestimate oOr an overestimte of the enzyne
activity. This is because of the fact, that the contribution
of the enzyne protein to the total protein of that particular
region is usually mnimal and mght also vary from region to
region. Further, drug induced changes in the enzyne activity
need not be asaociated with the changes either in the total
protein content or in the content of the enzyme protein
Mor eover, the change associated with any one of them need not
be reflected in the other. Keeping these in mnd, the activi-
ties have been represented for both gm wet weight and alae
for mg protein. However, it must be nentioned that there were
no statistically significant differences in the protein con-
tents of different regions of brain in normoammonemic ani mals
(Table 3.1). The distribution of the activities of the
enzynmes of the glycolytic pathway in cerebral cortex, cere-
bellum and brain stem of normoammonemic rat brain are given
in Table 3.2 (activitliea/gmwet weight of tissue) and in
Table 3.3 (activities/mgprotein).

Met abol i sm of glucose la initiated by phoaphorylation Of
glucose to glucose-6-phosphate. The enzyne that nediates this

reaction la hexokinase and the activity of this enzyme,
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irrespective of its node of expression, was simlar in cere-
bral cortex and cerebellum |Its activity was |esser in the
brain stem than that in the other two regions. Glucose-6-
phoaphate, thus forned, is at the cross roads of several
metabolic pathways and its entry in to glycolytic pathway is
facilitated by its conversion to fructose-6-phosphate Which
will be further phosphorylated t0O fructose-1,6-diphosphate.
The earlier reaction is nmediated by phosphohexose isomerase
and the latter by pho.phofructokinase. The latter enzyne is
one of the regulatory point of the glycolytic pathway (Lowy
and Passonneau, 1966; McIlwain and Bachel ard, 1971; Sugden
and Newaholme, 1975; Lehninger, 1984). Activity of this
enzyme, irrespective of the node of expression, was higher in
cerebral cortex than in other two regions. Its activity in
brain stem was |ower than that of cerebellum

Utilization of fructoae-1,é6-diphoaphate in the glyco-
lytic pathway depends upon its conversion to triose phos-
phates, a reaction nediated by al dolase. Unlike the above two
enzynmes, the activity of this enzyme was simlar in all the
three regions of the brain. Glyceraldehyde-3-phosphate de-
hydrogenase is the enzyne which converts glyceraldehyde-3-
phoaphate (forned ..n aldolase reaction) to 1,3-diphospho-
glyceric acid. Activity of thia enzyme was simlar in cere-
bral cortex and brain stem which was higher than that in the

cerebellum The 1,3-diphoaphoglyceric acid will be converted
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to 2-phoaphoglyceric acid. This inturn will be converted into
phosphoenolpyruvate in the reaction nediated by enol aae.
Activity of this enzyne was higher in cerebral cortex than in
the cerebellum and brain stem There were no atatiatically
significant differencea in the activity of enolase in the
latter two regions. Activity levels of pyruvate kinase, an
enzyme that converts phosphoenolpyruvate to pyruvate, was
higher in the cerebral cortex than in the other two regions.
Its activity was observed to be lower in the brain stem than
in the cerebellum

The pyruvate, so forned, may be converted to lactate by
the enzyme lactat. dehydrogenase. As the activity of this
enzyme IS reversible, the conversion of pyruvate to lactate
is a reversible process. Lactate dehydrogenase activity, when
measured in the direction of lactate formation, was higher in
the cerebral cortex and brain stem when conpared to the
cerebellum However, the profile of distribution was diffe-
rent when the enzyme activity was expressed per mg protein.
Under such conditions, it was higher in brain stem than in
cerebral cortex and cerebellum There were no atatistically
gignificant differences ln lte activity in the latter two
regions of brain. In the reverse direction (i.e., in the
direction of pyruvate formation) |actate dehydrogenase acti -
vity was higher in cerebral cortex than in cerebellum and

brain stem.
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In summary, these reaulta indicated that the activities
of hexoki naae, phosphofructokinase and pyruvate kinaase were
lower in the brain atem than in the other two regions. Acti-
vities of other enzymes in this region were either simlar or
hi gher than those obtained in cerebral cortex and cerebellum

WUhen the activity levels of glycolytic enzymes were
conpared in a given region it was seen that the activity of
| actate dehydrogenaae in the direction of lactate formation
was much higher than the activities of all the other enzynes.
Phosphofructokinase activity was |easer than that of hexo-
ki naae and aldolase in cerebellum and brain stem but in
cerebral cortex tue activity of phosphofructokinase waa equal
to that of aldolaae. Simlarly, glyceraldehyde-3-phosphate
dehydrogenaae activity waa much higher than that of the
al dol aae only in brain etem but not in the other regions
where as enolase activity waa higher than that of glyceral-
dehyde-3-phosphate dehydrogenaae in cerebral cortex but not
in the other two regions. Lactate dehydrogenase activity in
the direction of lactate formation waa higher than in the
direction of pyruvate formation.

O the enzynes of glycolytic pathway hexokinase, phoa-
phof ruct oki naae and pyruvate kinase are supposed to be the
key regulatory enzymes and are subjected to nopdul ati on by
several ligands (McIlwain and Bachelard, 1971). Lower acti-

vity levels of these enzymes in the brain stem which is a
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predominantly white matter region, than cerebral cortex and
cerebellum (predominantly grey matter regions) mght be one
of the factors responsible for the low rates of glucose
utilization in this region. Oher factors that influence
glucose utilization in this region mght be the cerebra

bl ood flow and the nature and distribution of the transporter
protein. Utilization of glucose, aa measur~d by 2-deoxy-

gl ucoae method, was reported to be higher in cerebral cortex
than in the cerebellum (Duffy et al., 1980) though the acti-
vity levels of hexokinase were simllar in these two regions.
This suggests that other factors might be playing a key role
in determining the metabolism of glucose in these two
regions. Very low activities of phosphofructokinase in all
the three regions supports the concept that this enzyne could
be a major regulatory enzyme in the utilization of glucose
Hi gher activities of hexokinase than that of phosphofructo-~
ki nase would result in the accunulation of glucose-é-phoa-
phate in the intracellular conpartnent. Such a notion is
supported by several observations wherein the glucose-6-
phosphate levels were reported to be several folds higher
than that of fructose-é6~phoasphate (Carlson et al., 1975;
Norberg and Seisjo, 1975a). This is underatandable, as the
former is utilized in several netabolic pathways other than
@lycolyeis. For eg. glucose-é6-phosphate may be utilized in

the hexoae monophosphate shunt, for the synthesis of glycogen
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and of amino sugars. Hence, glucose-é6-phosphate that la for-
med in exceaa of ita utilization in the glycolytic pathway
m ght participate in these pathways. Moreover, if the need
arises for the increased utilization of glucose, glucose-é6-
phosphate may be drawn from this reserve

In the cerebellum and brain stem greater activity
level s of aldolaae and glyceraldehyde-3-phosphate dehydro-
genase, when conpared with that of phoasphofructokinase, would
result in a greater conversion of fructose -1,é6-diphosphate
into triose phosphates thereby driving the reaction forward.
Pyruvate kinase activity, which is several fold higher than
those of other glycolytic enzynes mght bring about the
formation of large amounts of pyruvate. Moreover, as the
activity of this enzyme is irreversible, all the other re-
actions of the pathway mght be pulled forward which ensures
the conversion of glucose into two nol ecul es of pyruvate

Greater activities of lactate dehydrogenase would faci-
litate the conversion of pyruvate to lactate and thereby
regenerate the NAD which is required for the activity of
glyceraldehyde-3-phosphate dehydrogenase. It has been shown
that sone of the lactate forned is exported from the cerebra
tissue into the blood (Gibbe et al., 1942; Ceiger et al.,
1960) . However, it nmust be mentioned that the conversion of
pyruvate to lactate is an unecononical process as a result of

which the cells would be restrained from using the pyruvate
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in an effective manner. This effect would be nobre acute in an
aerobic tissue such as brain. Though |actate can be converted
back into pyruvate, this would result in the utilization of
cytosolic pool of NAD which might have an adverse effect on
glyceraldehyde-3-phoaphate dehydrogenase activity. Infact, in
aerobic tissues, such aa brain, alternate pathways are in
operation to regenerate the cytosolic NAD . These nechani sns
will be discussed later. Moreover, |actate formation would

al so bring about a change in pH of the intra and extracellu-
lar conmpartnents which might adversely affect the activities
of several enzymea.

The pyruvate formed during the glycolysis, is in the
cross roads of several netabolic pathways. Pyruvate can be
converted to lactate through lactate dehydrogenase activity
or to amino acids in the reactions nediated by the several
aminotransferases. Of these aminotransferases utilizing pyru-
vate as one of the substrates, the mgjor one ia alanine
aminotranasferase. |t nmediates the formation of alanine and
2-oxoglutarate when glutamate and pyruvate are the substrates
in a reversible reaction. Hence, the regional distribution of
this enzyme in brain was investigated and conpared with that
of lactate dehydrogenase. When the activity of alanine amino-
transferase was expressed per gram wet weight of tissue, the
profile of distribution was observed to be cerebral cortex >

cerebellum > brain stem However, when the specific activity
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was taken into consideration this profile was observed to be
cerebral cortex = cerebellum > brain steal. Activity levels of
this enzyme were observed to be several fold |esser than that
of lactate dehydrogenase in all the brain regions. Hence, it
appears that the transamination may not be a mmjor pathway
for pyruvate utilization in the brain (Table 3.a,.

Anot her pathway for the metaboliam of pyruvate ia ita
transport from the cytosol into the mitochondria by a speci-
fic carrier nediated mechanism. The pyruvate which enters
into the mitochondria may be converted to acetyl CoA It has
been shown that the pool of acetyl CoA formed from pyruvate
ia not diluted by the acetyl CoA originating from the fatty
acid oxidation (Allweis et al., 1965). This nay be because of
the fact that, atleaat in adult animals, brain does not use
fatty acids to neet its energy demands. Hence, it nmay be
concl uded that pyruvate is the » .. jor precursor for acetyl CoA
fornmation in brain.

The acetyl CoA, so fornmed, may be used for the synthesis
of fatty acids, cholesterol and acetylcholine or it may be
further oxidized to CO, in citric acid cycle. However, the
rate of lipid synthesis in the brain of adult animals is also
very low (McIlwain and Bachelard, 1971). As a result very
little amount of acetyl CoA would be diverted towards fatty
acid syntheais. Another exclusive feature of the pyruvate

netabolismin the brain is that it supports the synthesis of
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acetylcholine which funtions as a neurotransmitter. It has
been shown that the acetyl CoA, synthesized from the pyruvate
provides acetyl npiety of acetylcholine (Quastel et al.,
1936; Browning and Shulman, 1968; Grewaal and Quastel, 1973;
Lefreasne et al., 1973; Jope, et al., 1974; Tucek and Cheng,
1974; Jope et al., 1974; G bson and Shimada, 1980; Benjamin
and Quastel, 1982). However, the rate of this reaction i.e.,
the synthesis of acetylcholine is |leaser than the rate of
entry of acetyl CoA into citric acid cycle (Coxon and Peters,
1950; Hebb and Moris, 1969; Mcllwain and Bachel ard, 1971).
These arguments suggest that most of the pyruvate carbon is
converted to acetyl CoA and is oxidized in the citric acid
cycle. Hence, the activitiea of pyruvate dehydrogenase and of
the . nzymes of citric acid cycle were deternmined and are
presented in Table 3.5 (activity/gmwet weight) and in Table
3.6 (activity/mgoprotein).

The entry of pyruvate carbon into citric acid cycle is
initiated by the conversion of pyruvate to acetyl CoA in an
irreversible reaction nediated by pyruvate dehydrogenase
conplex. Activity levels of thia complex were higher in
cerebral cortex than in cerebellum and brain stem However,
its activity was same in the latter two regions of brain.
This profile of distribution was independent of the npde of
expression of the enzyne activity.

Met abol i sm of acetyl CoA in the citric acid cycle comme-

108



nces with its condensation with oxal oacetate to form citrate.
Thia reaction is reversible and is nediated by citrate syn-
thetase. Activity levels of this enzyme were simlar in all
the three regions of brain. Citrate, so formed, undergoes
intranol ecul ar reorganization to form isocitrate in a re-
action nediated by aconitaae. The isocitrate is decarboxy-
lated to forma five carbon conpound, 2-~oxoglutarate, in a
reaction mediated by isocitrate dehydrogenase. This enzyme,
in the mitochondria, requires NAD for its activity. There
were no statistically significant differences in the activity
levels of this enzyme in the cerebral cortex, cerebellum and
brain .etem. The next step in this nmetabolic pathway is the
decarboxylatlon of 2-oxoglutarate tO auccinate. This ia
medi ated by 2-oxoglutarate dehydrogenase conplex which is
simlar to pyruvate dehydrogenase in several respects. Acti-
vity levels of this conplex were also simlar in all the
three regions of the brain.

Succinate is converted to fumarate by the flavin depen-
dent succi nate dehydrogenase. Regional distribution of this
enzyne was similar in cerebral cortex and brain stem which
was greater than that in cerebellum Fumarate undergoes
intranmol ecul ar reorganization by the addition of a water
nol ecul e and malate is thus formed. The latter compound |a
dehydrogenated to yeild oxaloacetate. This reaction is

nedi ated by NAD dependent mal ate dehydrogenase. As this is a
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reversible reaction, activity of thie enzyme Was measured in
both directions. In the direction of oxal oacetate formation,
its activity was observed to be aimilar in cerebellum and
brain stem which was |esser than that in cerebral cortex.
However, in the reverse direction (oxaloacetate to malate),
there were no statlatically significant differences in its
activity anmong the three regions of brain. Wen the specific
activity of this enzyme is taken into account, it was higher
in cerebral cortex than in brain stem but there were no
statistically significant differences between cerebral cortex
or cerebellum and brain stem.

When the activitea of enzynes of citric acid cycle in a
particular region were conpared, it was observed that the
mal at e dehydrogenase (assayed in the direction of nmlate
formation) activity was greater than that of any other
enzyme. This ia followed by the activity of sane enzyme in
reverse direction (nalate to oxaloacetate) and citrate syn-
thase. Lowest activity levels were observed for succinate
dehydrogenase in all the three regione of the brain.

Low activities of pyruvate dehydrogenase in the brain
stem and cerebel l um conpared with that of cerebral cortex
m ght be due to the |esser amount of enzynme and/or may be due
to the differences in the states of phosphorylatlon (which
inactivates) of the enzyme in these three regions. It is

interesting to note that the activity of |actate dehydroge-
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nase (pyruvate to lactate) was higher in brain stemthan in
other two regions. However, very high activities of citrate
synthase in brain stem and in other regions would favour the
condensation of acetyl CoA with the oxal oacetate to form
citrate. Further, conversion of citrate to isocitrate and to
2-oxoglutarate mght proceed at the sane rate in all the
three brain regions as the activity of isocitrate dehydroge-
nase is sane in these regions. However, it muat be nentioned
that besides citric acid cycle, 2-oxoglutarate is also formed
from glutamate and la also used for the synthesis of this
amino acid. As the succinate dehydrogenase activity was very
low when conpared to 2-~oxoglutarate dehydrogenase in all the
brain regions, there might be a tendency for the accunul ation
of succinate.

Malate dehydrogenase (malate t0 oxaloacetate) activity
which is higher than that of citrate synthase, would provide
adequat e anmpunts of oxal oacetate for the condensation of
acetyl CoA. Though mel ate dehydrogenase activity in the dire-
ction of malate formation was nuch higher than that in the
reverse direction (oxaloacetate formation), it must be nen-
tioned that malate is not the substrate for the citrate
synthetase reaction. |t has been shown that nmlate dehydroge-
nase la present both in the cytosol and in the mitochondria
(Lehni nger, 1984; Ratnakumari and Murthy, 1989,1990). In the

cytosol this enzyne is responsible for the conversion of
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oxal oacetate to nalate while in mitochondria it will convert
malate t0 oxaloacetate. The forner reaction in the cytoaol
plays an essential role in the operation of malate-aspartate
shuttle. Besides malate dehydrogenase reaction, oxal oacetate
ia also formed from aapartate by way of transamination with
2-oxoglutarate nedi ated by aspartate aminotransferase. Oxa-
| oacetate has nultiple fates in the mitochondria i.e., it may
be used in transamination reactions, in citric acid cycle or
for the formation of phosphoenol pyruvate

Thus, it appears from these studies that the operationa
rates of citric acid cycle mght be lower in brain stem and
cerebel lum due to lesser activities of pyruvate dehydrogenase
when conpared with that of cerebral cortex. Moreover, these
results also indicate that the succinate dehydrogenaae night
also be one of the regulatory points of citric acid cycle
The latter suggestion is supported by several reports wherein
succinate levels were observed to be higher than that of 2-
oxogl utarate and fumarate (Goldberg et al., 1966; Fol bergrova
et al., 1974 a, b; Carlson et al., 1975; Norberg and Siesjo

1975b; 1976).

EFFECTS OF AMMONIA:

As was nentioned earlier, cerebral glucose metaboliam is
a dynamic process and responds to alterations in the physio-
logical states and also to pathological conditions. In gene-

ral, increased cerebral glucose metaboliam was observed in
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the conditions where the cerebral activity waas enhanced and a
decrease was observed when the cerebral activity was
depressed. Pathological states such as ischema, hypoxia,
hyperthermia, convulsions and depression of neuronal activity
are known to result in alteration in cerebral glucose neta-
bolism (Mcllwain and Bachelard, 1971; Siesjo, 1978).

Several studies have been conducted in the past on
cerebral glucose netabolism in hyperanmonem c states. How
ever, the results obtained were equivocal and were difficult
to interpret due to the differences in the animals used in
the study, node of induction of hyperammpnem a, degree and
duration of hyperammonemia and the nethods adopted for the
study of glucose netabolism |In addition to these, conplica-
tions are also due to the fact that the cerebral glucose
nmetabolism is a result of a interplay of variety of factors.
As was nentioned earlier, it depends upon the cerebral blood
flow, transport of glucose across the blood brain barrier,
activities of the enzynes of glucose netabolism and the rate
and magnitude of flux of glucose carbon into various meta-
bolic pat hways.

The cerebral blood flow, which determ nes the amunt of
gl ucose available to the brain, depends upon the size of the
bl ood vessels and the rate of the blood flow It was reported
that ammonia at higher concentrations dilates cerebral arte-

rioles (Anderssonet al., 1981). Administration of acute
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doses of ammonium salts resulted in an increase in the cere-
bral blood flow with out any changes in the systemi c haemo-
dynamics and it vaa suggested that this increased cerebra
bl ood flow might be due to the vasodilation of cerebral blood
vessels in the presence of ammonium ions. However, results
from other |aboratories have indicated a fall in the cerebra
blood flow in rats as well as in the dogs inNn hyperammonemic
states (James et al., 1971, 1974; G edde et al., 1978).
Results from another |aboratory indicated no changes in the
gl obal cerebral blood flow or CMRO, in hyperanmonenic states
However, it was shown by these investigators that ammpnia can
suppress the increase in cerebral blood flow especially in
the pons and in the brain stem when the conditions are chan-
ged from nornocapnia to hypercapnia (Barzilayet al., 1985).
Chroni ¢ hyperammoneni c situations, induced by portocava
anastonpsi s were shown to increase the cerebral blood flow in
rats and man (Bianchi-Porro et al., 1969; Gedde et al.,
1978). Though the results are contradictory, it is evident
that ammonia would affect the cerebral blood flow and thereby
the amount of glucose available to the brain

As glucose is not freely permeable across the bl ood
brain barrier, it is transported by a specific carrier pro-
tein (Dck et al., 1984; Dick and Harrik, 1986). In other
words, the availability of glucose to the brain depends not

only on the concentration of glucose in the blood but also on
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the rate of its transport across the blood brain barrier by
the carrier protein. The rate of transport depends on the
affinity of the carrier for glucose and the nunber of carrier
protein nolecules per unit area of the brain. The affinity
between the glucose and the carrier protein may be altered by
confirmational changes in primary and/or secondary structures
of the protein or by changes in the surroundi ng nmenbrane
environment. Though the preci se nmechanics have not been

wor ked out, it has been shown that the brain uptake index for
gl ucose was decreased in portocaval anastonpbsis (Mans et al.,
1983). However, administration of an acute dose of ammonium
salts resulted in an increase in the arteriovenous difference
of glucose across the brain thus suggesting an increased

upt ake of glucose into the brain under these conditions
0

(Hawkins et al., 1973). Recently Jessy et al., (1990) sugges-
ted that the transport of glucose across the blood brain
barrier mght be unaltered in hyperammonemic conditions.

Subsequent to the transport of glucose across the bl ood
brain barrier it encounters the nenbranes of different cell
types i.e., neurons, astrocytes and oligodendrocytea. There
ia no information on the transport of glucose into the cell
types in hyperammonemic states. Simlarly, no information is
avail able on the effect of ammonia on the endogenous pool
size of glucose in these cells.

Once the glucose enters the cell, its fate depends upon
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the operational rates of three different netabolic pathways
viz., glycogen synthesis, glycolysis and hexose monophosphate
shunt. Though the glycogen content is low in the brain its
turnover rate was shown to be very high (Karnovsky et al.,
1980). Changes in the glycogen content were found to be
variable with the mode of induction of hyperammonemic states
In chronic hyperammonemia, induced by portocaval anastonosis
or by the administration Of methionine sulphoximine, gl ycogen
content was found to increase in the brain while a decrease
in its content was reported when an acute dose of ammonium
salts were administered (Folbergrova, 1973; Hawkins et al.,
1973; Norenberg amd Lapham, 1974; Phelps, 1975; Hevor and
Gayet, 1981; Hevor et al., 1985). Increase in the glycogen
content in chronic hyperamonenic states especially due to
met hi oni ne sul phoxi mi ne administration has been reported to
be associated with the induction of enzynes involved either
directly or indirectly in the synthesis of glycogen (Hevor
and Gayet, 1981; Hevor et al., 1985). The flux of glucose
carbon through hexose monophosphate shunt has been reported
to be between 5-10% and significance of this pathway in adult
ani ml s has been controversial (Siesjo, 1978). However, there
are no experimental results with respect to the effects of
amonia on the hexose monophosphate shunt pathway in hyper-
ammonem ¢ states. The above discussion implies that the major

metabolic fate of glucose is its entry into glycolytic
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pathway.

Several studies have been conducted on the |evels of
glycolytic intermediates during hyperammonemic states. But
for the cerebral glucose content, in general, there was an
increase in the levels of the glycolytic intermediates during
acute hyperammonemic states (Hawkins et al., 1973). However,
the precise mechanisms involved in bringing about such
changes in the levels of these netabolites have not been
specified by these investigators. Such changes in netabolites
could be due to changes in the (1) activities of the enzynes
involved in the netabolic pathway, (2) availability of the
precursors for the metabolic pathway, and (3) in the rate of
removal (by way of entry into another netabolic pathway or by
way of transport into a different netabolic conpartnment which
way be a subcellular organelle or even a whole cell). As nany
of the intermediates of the glycolytic pathway are in phos-
phorylated form they are inperneable across the plasna mem-—
brane (Lehninger, 1984). Hence, the transport of these inter-
nedi ates of the glycolytic pathway except pyruvate and lac-
tate does not arise. However, it is quite possible that the
removal of pyruvate or lactate in the cell can affect the
rate of the flow of glucose carbon in the glycolytic pathway.

As mentioned above, changes in the activities of the
enzynes involved could also affect the rate of flow of glu-

cose carbon in the glycolytic pathway. In the present study,
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the time interval between the adminliatration of ammonlum
acetate and killing the animal is very short to account for
altered rates Of synthesias/degradation of enzyne protein as a
nmechani sm for the changes in enzyme activity. Hence, the
changes in the enzyne activity, if any, could be due to the
direct or indirect action of ammnium ion on the enzyne.
Under the latter category, ammonium ion might either enhance
or decrease the 1ace of production of a ligand which night
affect the activity of the enzyne. There are studies to
indicate that the ammonium ions might also have direct effect
on the activities of enzymes of glycolytic pathway. It has
been observed that ammonium ion either disinhibite and/or
activates phogphofructokinase both under in vivo and in vitro
conditions dowry and Passonneau, 1966; Sugden and Newsholme,
1975). No information is available on the effect of amonium
ions, both under in vivo and in vitro conditions, on the
activities of several of the glycolytlc enzymes in brain.
Hence,the effects of ammonium ions on the activities of
glycolytic enzymes In brain have been studied presently.

As in the case of the nornmal animals, activities of the
fcn2ynea in the hyperammonemic animals were expressed per gm
wet w of tissue and also for tag protein. However, it nust be
nenti oned that there were no atatlstlcally significant chan-
ges in the protein contents in the three different brain

regions in normal and hyperamonenic animals (Table 3.1a). As

118



a result of this, the profile of changes in the activities of
the enzymes of glycolytic pathway in all the three brain
regions were sanme irrespective of the nobde of the expression
of the enzyme activity. Hence, the descriptions given bel ow
are equally applicable to both the cases, unless otherw se
ment loned. After the administration of ammonium acetate there
was an increase in blood and brain ammonia |evels (Table

3.1b).

SUBACUTE CONDI Tl ONS:

In subacute hyperammonemic state, hexokinase activity
was observed to decrease in cerebral cortex and cerebellum
while it was elevated in the brain stem. However, the changes
observed in the activity of this enzyme were statistically
significant only in the cerebral cortex and brain astem but
not in cerebellum (Table 3.7). Under these experinental con-
ditions, activities of phosphofructokinase and al dol ase were
el evated (Tables 3.8; 3.9). The magnitude of elevation in the
phosphofructokinase activity was less im the brain stem when
conpared with that observed in cerebral cortex or cerebellum
In these two regions, the magnitude of change was nore or
less sanme irrespective of the npde of expression of activity
(Table 3.8). The magnitude of change in aldolase activity was
simlar in all the three regions of brain (Table 31.9). There
was a nmarginal elevation in the activity of glyceraldehyde-3-

phosphat e dehydrogenase in all the three regions of the brain
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and it was observed that this change was not statistically
significant in cerebral cortex and brain stem (Table 3.10).
Enol ase activity was elevated in these three regions of the
brain but the magnitude of elevation in the cerebral cortex
was only marginal and was statlatlically not significant
(Table 3.11). Under these conditions, there was a tw fold
increase in the activity of pyruvate kinaase in the cerebral
cortex. Cerebellar activity of this enzyne was elevated by
about 50i while the increase was marginal and statistically
not significant in the brain stem (Table 3.12). Lactate
dehydrogenase activity, measured in the direction of |actate
formation, was unaltered in all the three regions of brain
(Table 3.13). In the reverse direction activity of this
enzyne was suppressed in the cerebral cortex, elevated margi-
nally in the cerebellum and was unaltered in brain stem

(Table 3.14).

ACUTE CONDI TI ONS:

Changes observed in the hexokinase activity in the rats
admini stered with acute dose of ammonium acetate were simlar
to those in the subacute state i.e., a fall in the activity
in cerebral cortex and cerebellum and an increase in brain
atem. However, in this group of animala, unlike that of
subacute group, the change noticed in the cerebellum was

atatistically significant (Table 3.7). Activities of phospho-
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fructokinase, al dol aae, glyceraldehyde-3 phosphate dehydroge-
nase, enolase and pyruvate kinaae were elevated in the acute
hyperammonemic state in all the three regions of the brain.
In general, the magnitude of increase in the activity was
much hi gher under the acute conditions than in the subacute
state (Tables 3.8 to 3.12). The activity of lactate dehydro-
genase, When assayed in the direction of lactate formation,
was elevated in all the three regions of the brain in acute
hyperammonemia. The magnitude of change observed was higher
in cerebral cortex and cerebellum than in the brain stem
(Table 3.13). Alterations in the activity of this enzyme
measured in the opposite direction (pyruvate formation) were
simlar to those seen in the subacute state, especially in
the cerebral cortex and cerebellum i.e., its activity was
suppressed in cerebral cortex and was elevated in cerebellum
In the brain stem of this group of aninals |actate dehydroge-
nase activity was suppressed when conpared to the controls.
The magni tude of change was, of course, higher in the acute
state than in the subacute state (Table 3.14).

The results obtained on the activities of glycolytic
enzymes In the present study indicated a generalised increase
in the activities of the enzymes of glycolytic pathway (upto
pyruvate formation) with few exceptions. This would indicate
that the cerebral glucose utilization in this pathway night

be enhanced in hyperammunemic states.
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Adequate literature 1ia available on the levels of seve-
ral intermediates of thie pathway in hyperampnenic states.
Some of these results are contradictory which may be due to
the differences in the animls used and their age, nethods
adopted to induce hyperammonemic states, the node of fixation
of the brain to arrest the post-mortem changes and the region
selected for the analysis. Hawkins et al., (1973) have
i nduced hyperammonemic states by injecting the rats with
ammonlum acetate and after b minutes the brains were fixed by
freeze blowing. By this nethod the supratentorial regions
(brain excluding olfactory bul bs, cerebellum pons and
medulla oblongata) of the brain are immediately frozen (Veech
et al., 1973; Veech and Hawkins, 1974). However, Beassman and
Pal (1982) wused nmice and administered a different dose of
anmoni um acetate and the post-mortem changes were arrested by
a 3 sec exposure to 1.5 KW m crowaves. Though the latter
met hod of arresting the brain netabolism is advantageous in
the sense that regional studies can be made, the major pro-
blem will be rediastribution of the nmetabolites within the
brain regions and their diffusion into extracellular fluids.
The method of Hawkins et al., (1973) though superior in the
sense that no such redistribution takes place, the only
problem will be lack of regional Integrlty. This aspect
(regional integrity) is very essential as different regions

of brain may exhibit tenporal and vectoral differences in



their responses to the administered drug. Under such circum-
stances, if the metaboliteas were assayed in whole brain
extracts it is quite possible that change in one region mght
elther nullify or amplify the changes in other regions.
However, wuntil a better nethod is evolved with mninal post-
nortem changes and a better of maintainance of regional
integrity, caution nmust be exerted in interpreting the
resulta.

Studi es of Hawkins et al., (1973) indicated a marginal
increase in cerebral glucose content in rats administered
with ammonium acetate. In the sane study, these inveatigators
have reported no changes in the levels of cerebral glucose-6-
phosphate. Thia was later contradicted by Beseman and Pal
(1982) who reported an elevation in the levels of this neta-
bolite. Iw the preasent study, a nmarginal decrease waa oObser-
ved in hexoklnaae activity in both cerebral cortex and cere-
bel lum while an elevation was observed in brain stem At the
outset, it appears that the present results are contradictory
to the reported changes la the levels of glucose-é6-phosphate.
However, 1t nay be stated that the magnitude of inhibition ia
very marginal and the increased availability of glucose m ght
counter balance this inhibitory effect. Mreover, the results
obtained in the present study are supportive of the observa-
tions made by both these investigatorse because the inhibitory

effect of ammonium ions on hexokinase was observed only in
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cerebral cortex and cerebellum. Increased activity of thia
enzyme in brain stem was in support of the observations nade
by Bessmau and Pal (1982) on the whol e brain.

In the present study, administration of ammonium salts
resulted in an enhancerment 1in the activity of phoaphofructo-
kl nase. This result was in concurrence with the earlier
studies in which it was established that ammonium ions stinu-
late the activity of phosphofructokinase both under in vivo
and in vitro conditions (Lowy and Passonneau, 1966; Sugden
and Newsholme, 1975). Such a stinulation in the activity of
this enzyne would result in the enhanced production of fruc-
tose 1,6-diphogphate in the brains of rats administered With
an acute dose of ammonium acetate. However, results of the
present study as well as of Hawkins et al.,(1973) do not
agree with that of Bessman and Pal (1982) who reported a
decrease in the levels of this intermediate.

Fructose 1,é6~diphosphate, forned in the phosphofructo-
ki nase reaction, serves as a substrate for aldol ase.

Fol |l owi ng the administration of either acute or subacute dose
of ammonium acetate, an increase was observed in the activity
of this enzyne suggesting an enhancenment in the utilization
of fructose 1,6-diphosphate. This suggestion is in accordance
with the increased |levels of dihydroxyacetone phosphate, one
of the products of the al dolase activity reported in the rat

brain in acute hyperammonemic states. Another triose phos-
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phate, 3~phosphoglyceraldehyde that is formed in aldolase
reaction, is the substrate for glyceraldehyde-3-phoaphate
dehydrogenase. Activity of thies enzyme was also enhanced in
hyperammonemic states, though the changes in subacute State
were not statistically significant in cerebral cortex and
brain stem Such an increase in the activity of this enzyme
would result in the enhanced production of 1,3-diphospho-
glycerate as well as the reduction of NAD to NADH. Moreover,
i ncreased production of 1,3-diphosphoglycerate would al so
ensure an enhanced production of ATP in the subsequent re-
actions of the glycolytic pathway.

Though no reports are available on the levels of 1,3-
diphosphoglycerate, it has been shown that the levels of 3-
phosphoglycerate (which is produced by the phosphorolysis of
1,3-diphosphoglycerate by phosphoglycerate kinase) is enhan-
ced in brain in acute hyperammonemic states (Hawkins et al.,
1973; Bessman and Pal, 1982). This indicates an enhanced
availability of 1,3-diphosphoglycerate, which is suggestive
of an increased activity of glyceraldehyde-3-phosphate de-
hydrogenase. Subsequent to the formation, 3-phoasphoglycerate
is converted tO0O 2-phosphoglycerate and the latter serves as
substrate for enolase. The product of this reaction ia phos-
phoenolpyruvate, which is a high energy phosphate conpound.
Keeping in pace with the changes in the activities of all the

other enzymes of glycolytic pathway, enolase activity was
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al so enhanced following the administration of ammpni um salts
(though thia change 1In ce.ebral cortex in aubacute condition
was statistically not significant). Enhanced |evels of phos-
phoenolpyruvate, reported by Hawkina et al., (1973) is in
agreement with the enhanced activity of enolase observed in
the prresent investigation. The ultinate step of glycolyais ia
the formation of pyruvate which is nediated by pyruvate
kinase. In this reaction phosphoenolpyruvate ia converted to
pyruvate by transferring the phosphate to ADP resulting in
the formation of ATP and pyruvate. Activity of this enzyne
was al so enhanced in three different regions of the brain in
hyperammonemic states induced by the administration of either
subacute Or acute doses of ammonium acetate. This observation
is supported by the enhancement in the levels of pyruvate
observed in brain in hyperampnenic states of various etio-

| ogi es (Hawkius et al., 1973; Jessy et al., 1990).

As was nmentioned earlier, pyruvate is at the crossroads
of several metabolic pathways. It can be converted to lactate
or to alanine and other amino acids or to acetyl CoA which
may be either oxidized in citric acid cycle or may be incor-
porated into lipids. One of the factors that determines the
entry of pyruvate into these pathways is the activity levels
of the initial enzymes of these netabolic pathways and the
availability of the cofactors required for these enzynes.

Much of the pyruvate may be converted to lactate as the
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activity of lactate dehydrogenase is several folds higher
than those of other pathways which utilize pyruvate. In
hyperammonemic states induced by the administration of ammp-
niumsalts, it was observed that the l|actate dehydrogenase
activity especially in the direction of lactate formation is
enhanced. Earlier reports on the enhanced levels of lactate
in brain in hyperammonemic states support the present obser-
vation on the changes in the activity of this enzyme (Hawkins
et al., 1973; Adans et al., 1979; Raabe and Lin, 1984; Jessy
et al . , 1990). Though an enhancenment in |actate production
woul d increase the rate of regeneration of NAD from NADH in
hyperamonenmic states, it would also result in the |oss of
pyruvate carbon. This is because of the fact that the lactate
di ffuses out of the cell into the extracellular space. In
hyperanmonemi ¢ states an increase in the arteriovenous diffe-

rence for lactate was observed across the brain (Hawkins et

al., 1973). Even if some lactate is retained in the brain, it
still serves no purpose as lactate is a dead end product.
However, lactate can be converted back to pyruvate and may be

utilized but it was observed that the activity of lactate
dehydrogenase in this direction was suppressed. This would
prevent the reconversion of the nuch required NAD back to
NADH.

I'n conclusion, studies on the enzymes of glycolytic

pat hway suggest an increased utilization of glucose in brain
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in hyperammonemic States.

EFFECTS OF AMMONIA ON CI TRIC ACI D CYCLE ENZYMES:

The proposal of Bessman and Bessman (1955) that cerebra
energy metabolism is affected in hyperammonemic states is
centered around the impairment of citric acid cycle. As was
nmentioned earlier, these authors have proposed that ammenia
detoxificaion through the reaction nmediated by glutamate
dehydrogenase would deplete the 2-oxoglutarate fromcitric
acid cycle. This proposal sparked off several inveatigations
on the content of 2-oxoglutarate and other citric acid cycle
intermediates in brain in various aninml nodels of hyperammo-
nemic states. The results of such studies were controversial
which may be due to the differences in the node of induction
of hyperammonemic and the brain regions analysed for this
purpose. Despite of the enornous anpunt of literature avail -
able on the levels of citric acid cycle intermediates, very
few reports were available on the activities of enzynes of
citric acid cycle under these conditions (Ratnakumari, 1984
Ratnakumari and Murthy, 1985, 1986, 1989, 1990). Hence, in
the present investigation activity levels of the enzymes of
citric acid cycle were determned in hyperammonemic States

Administration of subacute and acute doses of ammonium
acetate resulted in an elevation in the activity of pyruvate

dehydrogenase in all the three brain regions studied. The
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magni tude of elevation in its activity was observed to be
highest in the cerebellum followed by brain stem and was
least in cerebral cortex. Moreover, the nmagnitude of change
was maximal in the acute states than in subacute conditions
(Table 3.15). The conmtted reaction of citric acid cycle
i.e., citrate synthesis is nediated by the enzyne citrate
synthetase, was unaltered in the cerebral cortex and brain
stem in the eubacute states while its activity was elevated
in the cerebellum However, under acute conditions, an eleva-
tion was observed in its activity in the cerebral cortex and
cerebellum but not in the brain stem The magnitude of eleva-
tion was higher in acute hyperammonemic conditions than in
subacute states (Table 3.16). The activity of the next enzyme
in the cycle i.e., isocitrate dehydrogenase was unaltered in
both acute and subacute hyperammonemic states in all the
three brain regions (Table 3.17).

Activity levels of 2-oxoglutarate dehydrogenase, an
enzynme responsible for channelling of 2-oxoglutarat: into
citric acid cycle, was enhanced in both acute and subacute
states of hyperammonemia in all the three regions of the
brain. As in the case of pyruvate dehydrogenase the nmagni -
tude of elevation was observed to be higher in acute than in
the subacute hyperammonenic states (Table 3.18). A sinmilar
change was also noticed in the activity of succinate dehydro-

genase under these conditions and the magnitude of change was



higher in acute hyperammonemic state than the aubacute condi-
tion (rfable 3.19). In contrast to the changes in the activi-
ties ot above waid enzymea, malate dehydrogenase activity (in
the direction of oxal oacetate formation) was suppressed in
all the three regions of brain in both acute and subacute
states and the magnitude of suppression was higher in the
acute than in the subacute state (Table 3.20). However,
activity of this enzynme when neasured in the reverse direc-
tion i.e., in the direction of malate formation, was un-
altered in both subacute and acute states of hyperammonemia
(Table 3.21).

A similar profile of changes were observed in the acti-
vities of the enzymes when expressed per mg protein (Table
3.15 to 3.21). The only exception was observed to be an
increase in the citrate synthetase activity in the cerebral
cortex in subacute hyperammonemic states (Table 3.16).

In the acute hyperammmonenic states aninals were sacri-
ficed during convul sions. Hence, sone of the changes observed
in the activities of citric acid cycle enzymesa could be due
to the convul sive phenomenon rather than the effect of ammo-
nia. Though, the results obtained after the adminiatration Of
subacute dose of ammonia argue against such a possibility, it
was felt to study the activities of the enzymes of citric
acid cycle in non-convulsive phase of acute hyperammonemia.

For this purpose, the animals were sacrificed 15 min after
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the administration of an acute dose of ammonium acetate when
animals have not entered the convul sive phase and the activi-
ties of these enzynes were determined (Table 3.15 to 3.21).
Under these conditions, an increase was observed in the
activity of pyruvate dehydrogenase in all the three regions
of brain while the activity of citrate aynthetase showed no
significant changes in the cerebellum and brain stem. How
ever, its activity was elevated in the cerebral cortex.
Changes observed in the isocitrate dehydrogenase activity,
under these conditions, were similar to that seen in the
convul sive phase of hyperammonemia. The elevation observed in
the activity of 2-oxoglutarate and succi nate dehydrogenases
in the preconvuleive phase of acute hyperammonemia was sin -
lar to that seen during convul sions. Simlarly, malate de-
hydrogenase activity in the direction of oxal oacetate forna-
tion was suppressed in the preconvul sive phase. It is worth
pointing out that nost of the changes observed during the
preconvul sive phase were of higher magnitude than those
observed during the convul sions.

A simlar profile of changes were observed during pre-
convul sive phase in the activitiea of these enzynes when
expressed per rog protein (Table 3.15 to 3.21). The only
exception was found to be in the activity of ieocitrate
dehydrogenase in cerebral cortex wherein the elevation in the

activity of this enzyne was statistically significant when it
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was expressed per mg protein (Table 3.17).

In brief, administration of ammonium salts appears to
enhance the activities of citric acid cycle enzynes except
malate dehydrogenase. The enhancenent observed in the acti-
vity of pyruvate dehydrogenase in hyperampnenm ¢ states might
be due to enhanced availability of substrate or the changes
in phosphorylation status of the enzyme. The former may be
ruled out as the permeability barrier to the substrates were
abol i shed by the addition of Triton X-100 to the homogenates
of the brains of normal and hyperammonenmic rats. It has been
established that the phosphorylation of pyruvate dehydroge-
nase inactivates the enzyne and this process depends on the
ATP/ ADP ratio. Besides this, the ratio of NAD*/NADH, the CoA
availability, and the levels of oxaloacetate and acetyl CoA
(feed back inhibitor) are also the factors that influence the
activity of pyruvate dehydrogenase (Jope and Blass, 1975,
1976; Randle, 1981, 1983; Lehninger, 1984). It is possible
that in hyperamonenmic states, there mght be an alteration
in any one of the paraneters which influence the pyruvate
dehydrogenase activity. Whatever the nechanism may be, the
el evation in pyruvate dehydrogenase activity pronotes the
decarboxylation of pyruvate and enhance the production of
acetyl CoA in all the three regions of the brain.

Stimulation of citrate synthetase activity would result

in enhanced condensation of acetyl CoA with oxal oacetate in
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cerebral cortex and cerebellum in hyperammoneni c states.
However, it nust be mentioned that though acetyl CoA avail a-
bility (due to increase in pyruvate dehydrogenase activity)
and citrate synthetase activity were enhanced in hyperammo-
nemic states, the amount of oxal oacetate avail able under
these conditions (see below) would also regulate the rate of
its condensation with acetyl CoA and thus the production of
citrate. However, such changes in the citrate production
might uot take place in brain stemwhere the citrate synthe-
tase activity was not altered in hyperammonemic state.

Lack of changes in isocitrate dehydrogenase activity
mght not alter the rate of 2-oxoglutarate production in
citric acid cycle in brain in hyperammonenic states. However,
the increase in the activity of 2-oxoglutarate dehydrogenase
under these conditions would rapidly decarboxylate 2-oxoglu-
tarate to succinate and thus pulls the isocitrate dehydroge-
nase reaction forward. As there are many simlarities in the
kinetics and regulatory aspects of pyruvate and 2-oxogluta-
rate dehydrogenases (Randle, 1983; Lehninger, 1984), the
stimulation of the latter enzyme may be due to the reasons
mentioned earlier for pyruvate dehydrogenase. The increase in
succi nate dehydrogenase activity in hyperamonenic states
woul d facilitate tha conversion of succinate to fumarate.
Despite the stimulation of succinate dehydrogenase, it still

exhibits least activity even under hyperanmmpneni c states.
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Suppress.on Of nal ate dehydrogenase (in the direction of
oxal oacetate formation) would retard oxal oacetate formation
from mal ate. Lack of adequate anpunts of oxal oacetate m ght
restrict the synthesis of citrate in citric acid cycle. Under
such conditions, acetyl CoA would accunul ate, which m ght
i nhi bit pyruvate dehydrogenase activity and thus its own
production (Randle, 1983; Lehninger, 1984). Such changes
woul d reduce the effectiveness oOf citric acid cycle in gene-
rating energy which is required in hyperammonemic states for
the production of glutamine. However, it nust be nentioned
that acetyl CoA is also a stinulator for phosphoenolpyruvate
carboxykinase which brings about the fixation of CO, into
phosphoenolpyruvate and resulting the production of oxal oace-
tate (Cheng, 1971 a, b). In fact, an increase in this pro-
cess, i.e., oxaloacetate production due to CO, production,
has been reported in hyperammonemic states (Berl, 1971).

The results of the present study suggested that the
synthesis and utilization of 2-oxoglutarate in citric acid
cycle may not be altered in hyperammonenic states and the co,
fixation mght be enhanced to restore the oxal oacetate in

brain in hyperammoneni c states.

STUDI ES ON MALATE-ASEARTATE SHUTTLE:
One of the inportant reactions of glycolyals la the
formation of 1,3-diphosphoglycerate which is nediated by the

enzyme glyceraldehyde-3-phosphate dehydrogenase. The impor-
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tance of this reaction is due to the fact that it paves a
path for the conversion of inorganic phosphate to a high
energy organic phosphate in the form of ATP. Concomitant toO
the conversion of 3-phosphoglyceraldehyde to 1,3~diphospho-
glycerate, NAD' is reduced to NADH. It is believed that for
the continuous synthesis of 1,3-diphosphoglyceric acid, NAD
must be regenerated from NADH.

Usual Iy NADH is oxidized and NAD' is regenerated in the
electron transport chain of mitochondria. However, the mito-
chondrial inner membrane is inpernmeable to NADH or NAD
(Lehninger, 1984). As a result of this, the NADH produced in
the cytosol nust be converted back to NAD with in this
conpartnent. Malate-aspartate shuttle is supposed to play an
important role in the regeneration of cytosolic NAD and in
the transport of reducing equivalents across the mitochon-
drial menbrane (Siesjo, 1978).

Results obtained in the present study indicated that
cerebral glycolysie might be enhanced under hyperammonemic
states. Under such conditions, there would be an enhancement
in the production of NADH (through glyceraldehyde-3-phosphate
dehydrogenase) in the cytosol. This inplies that the opera-
tional rates of malate-aspartate shuttle might be affected
under hyperammonemic states. As there are very few studies on
the enzymes of malate-aaspartate shuttle in brain in hyper-

ammonemic States, this aspect was studied presently.
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REG ONAL DI STRI BUTI ON OF ENZYMES OF MALATE~ASPARTATE SHUTTLE:
The regional distribution of malate dehydrogenase acti -
vity, measured in both the directions, has already been
di scussed (Table 3.5 and 3.6). Aapartate aminotransferase
activity exhibited a profile simlar to malate dehydrogenase
In that its activity waa greater in cerebral cortex than in
the other two regions. However, the magnitude of differences
in the activity of this enzyme in the cerebral cortex and

cerebellum was statistically not significant (Table 3.22).

EFFECTS OF AMMONI A

The suppression in the mal ate dehydrogenase activity in
both the directions in the three regions of brain in hyper-
ammonemic states has already been discussed (Table 3.20 and
3.21). Aspartate aminotransferase activity was also suppre-
ssed in both these experinental conditions and its suppre-
ssion was greater in the acute than in the subacute hyper-
ammoneric State (Table 3.23).

The above results concur with the suggestion that cere-
bral malate-aspartate shuttle might be affected in hyperammo-
nemic states. Suppression of malate dehydrogenase in the
direction of malate formation would affect the production of
oxal oacetate in the mitochondria which night have adverse
effects on the operational rates of citric acid cycle and of

mal at e- aspartate shuttle. Suppression in the activity of this
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enzyne in the cytosol, in the direction of oxal oacetate

formation, would be beneficial as it spares the cytosolic

NAD . However, unchanged activity of thia enzyme in the

direction of malate production has no influence ON mitochon-

drial netabolism as malate is not the substrate for citrate
synthetase reaction. But such a change in the cytoaol would
maintain the rate of conversion of NADH to NAD . However,
suppression of aspartate aminotransferase activity, whether
it occurs in the cytosol or mitochondria, it would adversely
affect the production of aspartate in the mtochondria and
glutamate in the cytosol. Alteration in the production of
either of these, would inpede the exchange of glutamate and
aspartate across the mitochondrial membranes. Thus it appears
that the operational rates of malate-aspartate shuttle m ght
be affected in hyperammonemic states.

The results obtained with the honpbgenates in hyperammo-
nemic states may be summarized as foll ows:

(1) There is a generalized increase in the activities of
glycolytic enzymes (With few exceptions) suggesting enhan-
ced rate of glycolyais in brain in hyperammonemic states.
This would result in increase in glucose consunption and
production of pyruvate and/or lactate in brain in hyper-
ammoneni ¢ st ates.

(2) There is a generalized increase in pyruvate dehydrogenase

and the activities of enzymes of citric acid cycle excep-
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ting malate dehydrogenase (malate tOo oxaloacetate). This

woul d result in increased decarboxylation of pyruvate and

of citric acid cycle activity upto oxal oacetate formation.

(3) Suppression in nalate dehydrogenase activity nmight affect

formati on of oxal oacetate and thus citrate unless oxal o-

acetate is produced in alternate pathways (CO0, fixation).

(4) Finally, the suppression of mmlate dehydrogenase (malate

to oxaloacetate) and of aspartate aminotransferase woul d

have an adverse etffect on the operation of malate-aspar-

tate shuttle. This nmight influence the regeneration of

NAD® from NADH in the cytosol .
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TABLE 3.1a

PROTEI N CONTENT | N DI FFERENT REG ONS OF RAT BRAIN
IN NORVAL AND HYPERAMMONEMIC STATES

STATE CEREBRAL CEREBELLUM BRAI N
CORTEX STEM
NORMAL 115+12(11) 101+14(10) 109+14(10)
SUBACUTE 107+8( 6) 103+10(6) 103+410(6)
ACUTE 110+9(10) 98+9(10) 102+11(10)
Values are mean+S.D. Protein content is expressed as mg.protein/gm.wet

wt. of tissue. Number in parenthesis indicates nunber of experiments.

TABLE 3.1b

AVMONI A LEVELS I N BLOOD AND BRAIN OF NORVAL AND
HYPERAMMONEMIC RATS

FRACTI ON NORMAL SUBACUTE ACUTE
BRAI N 0.45+0.12(3) 1. 4+0. 4(3) 2. 6+0.5(3)

+211* p<0.005  +487% p<0.001

BLOOD 0.0710. 01( 3) 1.110. 2(5) 1. 8+0. 1(4)

+1420* p<0.001  +2352% p<0. 001
Val ues are expressed in brain as umoles Of ammonia/gm. wet weight

and in blood as umoles Of ammonia /nl. Values are mean+s.d.
Nurmbers in parenthesis indicate the nunber of experinents.
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TABLE 3.2

REG ONAL DI STRI BUTI ON ui GLYCOLYTIC ENZYMES |N RAT BRAIN

-1

(ACTIVITIES. GM WET WEI GHT OF TISSUE"!'. HR™ )

ENZYNME CEREBRAL CORTEX CEREBELLUM BRAI N STEM
1. HK 347427 335437 153+21 b, c
2. PFK 91+9 65+10 a 46+7 b, c
3. ALASE 106+20 94+9 88+5
4. GLPDH 140+11 111+7 a 13249 ¢
5. ENASE 209+20 11749 a 132+14 b
6. PK 1142466 885+103 a 6314107 b,c
7. LDH(P->L) 1146741622 94204612 a 128904961 c
8. LDH(L->P) 26344210 1429+84 a 1537+21 b

HK : hexokinase; PFK : phosphofructokinase; ALASE : al dol aae;
GLPDH : glyceraldehyde-3-phosphate dehydrogenase; ENASE : eno-
lase; PK : pyruvate kinas«; LDH : |actate dehydrogenase. Activity
units for HK are pinoles of NADP reduced; for GLPDH are pol es of
NAD  reduced and for the rest activity units are umoles of NADH
oxi di zed. Each value ia mean+s.d. of five individual experimenta.
Only thoae values which are significantly different (p<0.05) from
other are indicated with letters. a: between cerebral cortex and
cerebellum; b: between cerebral cortex and brainstem; and c:
b.tween cerebellum and brain stem Neuman and Keul's multirange
analysis was performed for stastical eval uation.
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TABLE 3.3
REG ONAL DI STRI BUTI ON OF GLYCOLYTI C ENZYMES | N RAT BRAIN
(ACTIVITIES. MG PROTEIN'™. HR™Y)

ENZYME CEREBRAL CORTEX CEREBELLUM BRAIN STEM

HK 3.2440.13 3.30+0.64 1.49+0.24 b, c
PFK 0. 85+0. 08 0.64+0.14 a 0.44+0.07 b,c

ALASE 1.040.16 0.92+40.03 0.85+0.03

1

2

3

4, GLPDH  1.31+0.11 1.09+#0.12 a 1.28 + 0.15 ¢
5. ENASE 1.9+0. 18 1.2440.22 a 1.27+0.08 b
6. PK 10.7+1.3 8.6240.73 a 6.17+1.42 b, c
7. LDH(P->L) 105+15 93.00+9.4 126.0049.40 ¢
8

LDH(L->P) 22+1.7 14.40 + 0.84 a 14.00+0.20 b

Legend as in Table 3.2
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TABLE 3.4

DI STRI BUTI ON OF ALANI NE AMINOTRANSFERASE ACTIVITY
I'N DI FFERENT REGI ONS OF RAT BRAIN

CEREBRAL CORTEX CEREBELLUM BRAI NSTEM
A 3437441 2707+65 1921+60
B. 28.4+0.3 27+0.7 17.640.6

Activity unita: pmolea of NADH oxidised/hr. A Activity/em wet
weight; B: Activity/nme protein. Number of experiments were 5.
Each value is Mean + S.D.
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TABLE 3.5

DI STRI BUTI ON OF PYRUVATE DEHYDROGENASE AND ENZYMES OF CITRIC ACI D
CYCLE IN DI FFERENT REG ONS OF RAT BRAIN

(ACTIVITIES. GMWET WEIGHT *. HR™1)

ENZYME CEREBRAL CORTEX CEREBELLUM BRAI N STEM
PDH 36242 160+15 a 160+21 b
cs 913492 879+24 1024462

1CDH 227+21 219+21 221+15
2-0GDH 286+42 215+21 229+42

SDH 58+4 34+3 a 60+4 c
MDH (M >0) 4158+189 28134147 a 2874+105 b
MDH (0->M 14450+1329 12850+1315 1099541112

PDH: pyruvate dehydrogenase; CS: citrate synthetase; |CDH iao-
citrate dehydrogenase; 2-0GDH: 2-oxoglutarate dehydrogenase;
SDH: succi nate dehydrogenaae; MDH: malate dehydrogenase. Acti -
vities of PDH, |CDH, 2-0GDH and MDH(M >0) are expressed as umoles
of NAD reduced and for SDH as umoles of asuccinate oxidized and
for MDH(O->M) as umoles of NADH oxidized and for CS as umoles ol
DINB reduced. Each value ia mean * S.D. Nunber of experiments are
five. Only those values which are significantly different
(p<0.05) fromothers are indicated with a letter. a: between
cerebral cortex and cerebelluny b: between cerebral cortex and
brain stenmt c: between cerebellumand brain stem. Neuman-Keul's
multirange analysis was used for the statistical evaluation of
the dat a.
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TABLE 3.6

DI STRI BUTI ON OF PYRUVATE DEHYDROGENASE AND ENZYMES OF CI TRIC ACID
CYCLE I N DI FFERENT REG ONS OF RAT BRAIN

-1

(ACTIVITIES. MG PROTEIN''. HR™ ™)

ENZYME CEREBRAL CORTEX CEREBELLUM BRAIN STEM
PDH 3.0+0.35 1.6+0.15 a 1.540.2 b
Cs 7.5+0.8 8.9 + 0.2 9.4 + 0.6
ICDH 1.9+0.17 2.240.2 2.0+0.14
2-0GDH 2.4+0.3 2.240.2 2.1+0. 38
SDH 0.5+0.03 0.3+0.03 a 0.6+0.04 cC
MDH (M >0) 34.441.6 28.4+1.5 26.440.96 b
MDH (0->M) 133+12 123+12.5 100410 b

Legend as In Table 3.5
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TABLE 3.7

HEXOKINASE ACTIVITY IN THE HOMOGENATES OF DI FFERENT REG ONS OF
NORVAL AND HYPERAMMONEMIC RAT BRAIN

REG ON NORMAL SUBACUTE ACUTE
CEREBRAL
CORTEX A 347+27 294+39 315+15
p<0.05 -15* p<0.05 -9*
B. 3.24+0. 13 2.74+0. 35 2.79+0. 21
p<0.02 -15% p<0.01 -14%
CEREBELLUM A 335+37 296+37 256+26
NS -12% p<0.005 -23%
B. 3. 3+40. 64 2.9+0. 58 2.63+0. 49
NS -12% NS -20%
BRAINSTEM A 153+21 186+23 203+15
p<0.05 +21% p<0. 005 +33*
B. 1. 49+0. 24 1.8+0. 15 1.93+0. 2
p<0. 05 +21* p<0.02 +30*

Activity unita:pmolea of NADF reduced/hr. Number of experinents
are five. A activity/gm wet wt of tissue B: activity/mg protein.
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TABLE 3.8

PHOSPHOFRUCTOKI NASE ACTIVITY | N HOVOGENATES COF DI FFERENT
REGI ONS OF NORVAL AND HYPERAMMONEMIC RAT BRAIN

REG ON NORVAL SUBACUTE ACUTE
CEREBRAL
CORTEX A 91+9 160+8 185+35

p<0.001 +76% p<0.001 +99*

B. 0. 85+0. 08 1.5+0.5 1. 7+0. 32
p<0. 025 +76* p<0.001 +110*

CEREBELLUM A 65+10 113+6 120+12
p<0. 001 +74* p<0.001 +85%

B.  0.64+0.14 1.11+0. 12 1.24+0. 2
p<0.001 +73% p<0.001 +94*

BRAIN STEM A 46 + 7 59 + 6  74+6
p<0.05 +28% p<0.001 +61*

B.  0.44+0.07 0. 61+0. 07 0. 7+0. 07
p<0.005 +39* p<0.001 +59*

Activity units:pumolea of NADH oxidized/hr. Number of experinents
are flve. A activity/gut wet wt of tissue. B: activity/mg protein.



TABLE 3.9

ALDOLASE ACTIVITY | N HOMOGENATES OF DI FFERENT REGH ONS OF NORMAL
AND HYPERAMMONEMIC RAT BRAIN

REG ON NORIVAL SUBACUTE ACUTE
CEREBRAL
CORTEX A. 106 + 20 140+22 178420

p<0.05 +J2% p<0.001 +68%

B. 1.0+0. 16 1.31+0.19 1.63+0. 15
p<0.025 +31%  p<0.001 +63%

CEREBELLUM A, 94+9 140+13 190+28
p<0.001 +49% p<0.001 +102%
B. 0.92+0.03 1.36+0.07 1.95+0.34
p<0.001 +48* PO N0 111 2%
BRAIN STEM A 88+5 125+12 180+9

p<0.001 +42%  p<0.001 +104%

B. 0.85+0.03 1.23+0.18 1.71+0. 15
p<0.005 +45%  p<0.001 +101%

Activity unite: pmolea of NADH oxidized/hr. Number of experiments
are five. A activity/gm wet wt of tisaue B: activity/sag protein.
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TABLE 3.10

GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE ACTIVITY | N HOMOGENATES
OF DI FFERENT REGI ONS OF NORMAL AND HYPERAMMONEM C RAT BRAI N

REG ON NORVAL SUBACUTE ACUTE
CEREBRAL
CORTEX A 140+11 155+12 179+15
us +11* p<0.005 +28%
B. 1.31+0. 11 1.45+0. 14 1.65+0. 22
NS +11* p<0.02 +26%
CEREBELLUM A. 111+7 133+13 144+10
p<0.02 +20% p<0.001 +30%
B. 1.09+0.12 1.28+0.07 1.48+0. 21
p<0.02 +17* p<0.01 +36%
BRAI N STEM A. 132+9 141+12 160+13
NS +11% p<0.05 +21%
B. 1.28+0. 15 1.42+0. 25 1.51+0. 14
NS +11% p<0.05 +18%

Activity unitas:pmoles of NAD reduced/hr. Number Of experimenta
are five. A activity/gm wet W of tissue B: activity/ne protein.
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TABLE 3.11

ENOLASE ACTIVITY I N THE HOMOGENATES OF DI FFERENT REG ONS OF
NORMAL AND HYPERAMMONEM C RAT BRAI N

REGI ON NORMAL SUBACUTE ACUTE
CEREBRAL
CORTEX A 209+20 236+43 331+43
NS +13* p<0.001 +58';
B.  1.94+0.18 2.19+0. 38 3.03+0. 24
NS +13* p<0.001 +56*
CEREBELLUM A 117+9 174429 208+25

p<0. 005 +49* p<0. 001 +78*

B. 1.24+0.22 1.73+0.29 2.12+0.05
p<0.05 +40% p<0. 001 +71*

BRAIN STEM A 132414 178+35 184+18
p<0.05 +35* p<0.001 +39*

B. 1.27+0. 08 1. 74+0. 39 1.75+0. 23
p<0.05 +37* p<0. 005 +38*

Activity units :umoles of NADH oxidized/hr. Number of experiments
are five. A activity/amwet wt of tissue B: activity/ne protein.
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TABLE 3.12

PYRUVATE KINASE ACTIVITY IN THE HOMOGENATES OF DI FFERENT REG ONS
OF NORVAL AND HYPERAMMONEMIC RAT BRAIN

REG ON NORMAL SUBACUTE ACUTE
CEREBRAL
CORTEX A 1142+66 2588+150 2315+471
p<0.001 +127% p<0.001 +103%
B. 10. 7+1. 28 24.3+43.1 19.3+5.4
p<0.001 +127% p<0.01 +81*
CEREBELLUM A 885+103 1291+135 1900+147
p<0.001 +0.001 p<0. 001 +115*
B. 8.6+0.73 12.7+2.6 19.5+2.7
p<0.01 +48% p<0. 001 +127*
BRAI NSTEM A 631+107 708+83 1149+101
us +12% p<0. 001 +82*
B. 6.2+1. 4 6. 95+1. 2 10.8+1.7
us " +12'. p<0. 005 +74*

Activity units: pmoles of NADH oxidized/hr. Nunber of experimente
are five. A activity/gmwet wt of tissue, B: activity/tog protein.
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TABLE 3.13

LACTATE DEHYDROGENASE (PYRUVATE — LACTATE) ACTIVITY IN THE
HOMOGENATES COF DI FFERENT REG ONS OF NORMVAL AND
HYPERAMNONEM C RAT BRAI N

REG ON NORMAL SUBACUTE ACUTE
CEREBRAL
CORTEX A. 11067+1622 10836+983 13484+1088
NS " -2* p<0.025 +22%
B. 104+15 101+86 124+14.8
NS " -3% NS +19%
CEREBELLUM A. 9420+952 9720+887 11984+1023
NS +3% p<0.005 +27%
B. 92.6+16 94.9+13.7 123+16
NS +2% p<0.02 +33%
BRAI N STEM A. 12890+961 12782+982 14930+884
NS +1% p<0.01 +16%
B. 122+8. 8 124+4. 2 141+12. 7
NS +2% p<0. 05 +16%

Activity unite : ymolea of NADH oxidized/ hr. Number of experiments
are five. A activity/gm wet wt of tissue, B: activity/me protein.
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TABLE 3.14

LACTATE DEHYDROGENASE (LACTATE --> PYRUVATE) ACTIVITY IN
HOMOGENATES OF DI FFERENT REGI ONS OF NORMAI AND
HYPERAMMONEMIC RAT BRAIN

REGI ON NORMAL SUBACUTE ACUTE
CEREBRAL
CORTEX A. 2780+222 2727+77 1888+21
us - 2% p<0.001 -32%
B. 24+2.1 25.5+1.1 17.3+0.9
us ~ +6* p<0.025 -28%
CEREBELLUM A. 1509+89 2492+170 1775461
p<0.001 +65% p<0.005 +18*
B. 15+1.1 24+1.8 18+0.8
p<0.001 +60% p<0.005 +20%
BRAI N STEM A. 1622+22 2648+212 1276+22
p<0.001 +63% p<0.001 -¢i%
B. 14.9+1. 2 26+2. 0 12.7+0. 4
p<0.001 +74* p<0.02 -15%

Activity unita : umolea of NAD reduced/hr. Number of experinents
are five. A activity/emwet wt of tissue, B: activity/mg protein.
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TABLE 3.15

PYRUVATr DEHYDROGENASE ACTIVITY |IN HOMOGENATES OF DI FFERENT
REG ONS OF NORVAL AND HYPERAMMONEMIC RAT BRAIN

STATE CEREBRAL CORTEX CEREBELLUM BRAIN STEM
NORMAL A 362+42 160+15 l6ut21l
3.0+0.35 1.6+0.15 1.540.2
SUBACUTE A 454+60 307+31 243+28
p<0.05 +25% p<0.001 +92% p<0. 005 +52*
B. 4.210.29 3.0540.19 2.38+0.21
p<0.001 +40% p<0.001 +90* p<0. 001 +59*
ACUTE A 639+15 508+32 361+25
( CONVULSI VE) p<0. 001 +77* p<0. 001 +218* p<0.001 +126%
B. 5.0:0.13 5. 2+0. 33 3.7+0. 3
p<0. 001 +93* p<0. 001 +225* p<0. 001 +147*
ACUTE (PRE- A 1260+49.0 976 + 12 1514+24
CONVULSI VE) p<0. 001 +248* p<0.001 +510* p<0. 001 +846*
B. 12.1+0.47 8.9+0. 11 16. 310. 3

p<0.001 +303* p<0.001 +456* p<0. 001 +986*

Unita: A pinoles of NAD reduced/ma protein/hr; B: pinoles of NAD
reduced/ emwet wt of tissue. Number Of experimente are five. Each
value is nmean + S.D.



TABLE 3.16

Cl TRATE SYNTHETASE ACTIVITY I N HOVMOGENATES OF DI FFERENT REG ONS
OF NORVAL AND HYPERAMMONEMIC RAT BRAIN

STATE CEREBRAL CORTEX CEREBELLUM BRAIN STEM
NORMAL A 913492 879424 1024+62
7.540.8 8.9+0.2 9.4+40.6
SUBACUTE A 982+77 1097+53 993+38
NS +8% p<0. 001 +25% NS - 5*
B. 9.12+0. 23 10. 9+0. 22 9.73+0. 3
p<0.01 +22* p<0.001 +22% NS +3%
ACUTE A 1479+48 1241+39 968+44
( CONVULSI VE) p<0. 001 +62* p<0. 001 +41* NS -3%
B. 13.3+0. 4 12.8+0. 4 9.9+40.5
p<0.001 +77% p<0. 001 +44* NS +5*
ACUTE( PRE~- A 1191+41 958+76 872+54
CONVULSI VE) p<0. 005 +30* NS +9* NS -15*
B. 11.5+0. 4 8.8+0.7 9.4+40.6
p<0. 001 +53* NS " - 1% NC
Units: A:umolea of DTNB reduced/mg protein/hr; B: pmolea of DTNB

reduced/ gin wet
of

wt

of

experiments are

tisaue/hr.
five.

Each val ue
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ISOCITRATE DEHYDROGENASE ACTI VI TY

BLE 3. 17

I'N HOMOGENATES OF DI FFERENT

REGI ONS OF NORMAL AND HYPERAMMONEMIC RAT BRAIN

STATE

CEREBRAL CORTEX CEREBELLUM BRAI N STEM
NORMAL 227+21 219+21 221+15
1.9+40.17 2.2+0.2 2.0+0. 14
~ ~ ~ <
SUBACUTE 208+33 224+32 199+19
NS -8% NS " +2* NS -10%
1.93+40.22 2.23+0.22 1.95+0. 21
NS +2* NS~ + 1% NS - 3%
ACUTE 224 +11 245+24 214 +7
( CONVULSI VE) NS -1% NS +12% NS -3%
2.0+0.1 2.5+0.3 2.2+0.07
NS +5* NS +14% p<0.025 +10%
ACUTE ( PRE- 249+12 238+11 201+11
CONVULSI VE) NS +10% NS +9% p<0.05 -9%
2.4+0.11 2.2+0.1 2.2+0.12
p<0.001 +26% NC NS +10%

Units: A

Each val ue

pi nol es of
reduced/gm wet

NAD reduced/ ma protein/hr; B:

tisaue/hr. Number of
is mean + S.D.

pmolesa of NAD
experiments are five.



2-OXOGLUTARATE DEHYDROGENASE ACTIVITY

TABLE 3.18

I N HOVOGENATES OF

Dl FFERENT REG ONS OF NORVAL AND HYPERAMMONEMIC RAT BRAIN

STATE CEREBRAL CORTEX CEREBELLUM BRAIN STEM
NORMAL A 286+42 215+21 229142
B. 2.4+0.3 2.2+0.2 2.1+0.38
SUBACUTE A 438+41 422+32 399+36
p<0.001 +53% p<0. 001 +96* p<0. 001 +74*
B. 4.06+0. 23 4.2+0. 22 3.9+0. 18
p<0.001 +69% p<0.001 +91* p<0.001 +86*
ACUTE A 580+29 556+111 482+41
( CONVULSI VE) p<0. 001 +103~* p<0.001 +159* p<0.001 +110*
B. 5.2+0.3 5.7+1.1 4.9+0.42
p<0.001 +117* p<0.001 +159% p<0.001 +133*
ACUTE (PRE- A 595+82 695+42 782+63
CONVULSI VE) p<0. 001 +108* p<0.001 +223* p<0.001 +241%
B. 5.7+0. 8 6.4+0. 4 8.4+0. 68
p<0.001 +137* p<0.001 +191% p<0.001 +300%
Units: A: pinoles of NAD reduced/ me protein/hr; B: umolea of NAD

reduced/gm wet wt of Number of

Each val ue

tissue/hr.
is mean + S.D.

experimenta are five.
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TABLE3.19

SUCCI NATE DEHYDROGENASE ACTI VI TY

REG ONS OF NORVAL AND HYPERAMMONEMIC RAT BRAIN

I N HOMOGENATES OF DI FFERENT

REG ON CEREBRAL CORTEX CEREBELLUM BRAIN STEM
NORMAL A 58+4 3443 60+4
B. 0.5+0.03 0.3+0.03 0.6+0.4
SUBACUTE A 86+11 7246 76.5+1.9
p<0. 005 +48% p<0.001 +112% p<0.001 +28*
B. 0.8+0.09 0. 72+0. 06 0.75+0.05
p<0.001 +60% p<0.001 +140% p<0.005 +25%
ACUTE A 135+11 85+5 98+2
CCONVULSI VE) p<0. 001 +133* p<0.001 +150* p<0.001 +63*
B. 1.2+0.1 0. 9+0. 05 1. 0+0. 02
p<0.001 +140* p<0. 001 +200* p<0.001 +67*
ACUTE (PRE- A 90+4 145+5 112+7
CONVULSI VE) p<0.001 +55* p<0.001 +326* p<0.001 +87*
B. 0.9+0.04 1.3+40.05 1.2+0.08
p<0. 001 +80* p<0.001 +333* p<0.001 +100*
Units: A pmoles of auccinate oxidized/mg protein/hr; B: umoles
of auccinate oxidized/gm wet wt of tiesue/hr. Number of
experiments are five. Each value |a mean + S.D.
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TABLE 3.20

MALATE DEHYDROGENASE ( MALATE_____>OXALOACETATE) ACTIVITY IN
HOMOGENATES OF DI FFERENT REGI ONS OF NORMAL AND
HYPERAMMONEM C RAT BRAIN

STATE CEREBRAL CORTEX CEREBELLUM BRAI N STEM
NORMAL A 1158+189 2813+147 28744105
B. 34.4+41.6 28.441.5 26.4+40.96
SUBACUTE A 2794+161 2037+218 2048+264 \
p<0.001 -33% p<0.001 -28%  p<0.001 -29
B. 26+1. 6 20+1.5 20+1. 8
p<0.001 -24% p<0.001 -30% p<0.001 -24%
ACUTE A 1409+55 1514+19 1181+181
( CONVULSI VE) p<0.001 -66% p<0.001 -46% p<0.001 -59%
B. 12.7+0.5 15. 6+0. 2 12.2+1. 86
p<0.001 -63% p<0.001 -45% p<0.001 -54%
ACUTE (PRE- A 1448+57 1488+153 2291+33
CONVULSI VE) p<0.001 -65% p<0.001 -47% p<0.001 -20%
B. 13. 9+0. 6 13. 7+1. 4 24.6+0. 35
p<0.001 -60% p<0.001 -52% p<0.02 -7%

t
Units: A pmoles of NAD reduced/ ma protein/hr;
Nunmber

reduced/ gin wet
Each val ue

wt of
ia mean + S. D.

tissue/hr.
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TABLE 3.21

MALATE DEHYDROGENASE (OXALOACETATE--->MALATE) ACTIVITY IN
HOMOGENATES OF DI FFERENT REG ONS OF NORVAL AND
HYPERAMMONEM C RAT BRAIN

REG ON NORMAL SUBACUTE ACUTE
CEREBRAL A 133+12 138+25 151+15
CORTEX NS +4* NS -144
B. 14450+1329 14769+1421 16130+1721
NS - 2% NS + 12%
CEREBELLUM A 123+12.5 126+10 135+11
NS + 2% NS " +10%
B. 12850+1315 12705+1207 13140+1125
NS -1* NS + 2%
BRAIN STEM A 100 + 10 107 + 6 115 + 12
NS +7* NS " +15%
B. 10995+1112 11088+1131 1219541220
NS +1* NS +11%

Units: A umolea of NADH oxidi zed/ ma protein/hr; B: pmoles of NADH
oxidized/gm wet wt Of tissue/hr. Number Of experiments are five.
Each value la nmean + S.D.
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TABLE 3.22

REG ONAL DI STRI BUTI ON OF BORST CYCLE ENZYMES
I'N DI FFERENT REG ONS OF RAT BRAIN

ENZYME CEREBRAL CORTEX CEREBELLUM BRAI NSTEM

MOH (M->0) A 41581189 2813+147 ' 28741105 b
B 34.411. 6 28.4%1.5 o 26.4+0.96 b

MDH (0-->M A 1445041329 12850+1315 1099511112 b
B 133412 123+12.5 100+10 b

AAT A 10904+657 95114576 8631+668 b
B 90.115. 4 96.115.8 79.2+6.1

MDH: malate dehydrogenaae; AAT: aspartate aminotransferase.
Activity was expressed for MDH(M ->0) as pmoles of NADreduced/hr
and MDH(O-->M), AAT as umolea of NADH oxidi zed/ hr. Each value is
mean + S.D. Nunber of experimentas are five. Only those val ues
which are significantly different (p<0.05) from others are indi-
cated with a letter (a): between cerebral cortex and cerebellum;
(b): between cerebral cortex and brain stem; (c): between cere-
bellum and brain stem

A activity/gm wet weight; B: act i vi ty/mg protein.
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TABLE 3.23

ASPARTATE AMINOTRANSFERASE ACTIVITY I N HOMOGENATES OF DI FFERENT
REGI ONS OF NORMAL AND HYPERAMMONEMIC RAT BRAIN

REGI ON NORMAL SUBACUTE ACUTE
CEREBRAL A 90.1+5.4 76.5+2. 4 64.8+0.3
CORTEX p<0.005 -15*  p<0.001 -28%
B. 10904+657 8245+751 7198+32
p<0.001 -24*  p<0.001 -34%
CEREBELLUM A 96.1+5.8 82.5+2. 1 70. 5+0. 3

p<0.005 -14%  p<0.001 -27%

B. 95114576 8288 + 398 6835 + 32
p<0.01 -13*  p<0.001 -28%

BRAIN STEM A 79.2+6.1 70+1. 71 53+0. 4
p<0.025 -12*  p<0.001 -33*
B. 8631+668 7129+393 5141+43

p<0.01 -17% p<0.001 -40%

Units: A pmolea of NACH oxidized/mg protein/hr; B umolea of
NADH oxidized/gm wet wt of tiaeue/hr. Number of experiments are
five. Each value la nean + S.D.
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STUDIES WITH SUBCELLULAR FRACTIONS



Results presented in the earlier chapter indicated that
hyperammonemic states nmight affect the cerebral carbohydrate
nmet abol i sm However, this conclusion |a based on the studies
carried out on the activities of enzymes in tissue homoge-
nates. Activities of enzymes measured under in vitro condi-
tions (where all the conditions are optimal) need not repre-
sent the activities under in vivo conditions where in the
concentrations of cofactors and substrates and pH are not
optimal. Hence, under in vivo conditions the enzyme acti-
vities mght be less than that measured under in vitro condi-
tions. Further, the neasured enzyne activities need not also
represent thy flux of netabolites under in vivo conditions.
This is because of the fact that a given netabolite mght
enter nore than one pathway at a given time and this would
depend on the transport of the metabolites across the plasm
menbrane and menmbranes of different intracellular conpart-
ments, content and activity levels of the enzynes of these
pat hways, affinities of enzymes of different pathways to
their substrates and cofactora and the presence or absence of
ligands which regulate the enzyne activities. Due to thia
sharing of netabolites anobng different pathways, the flux of
a netabolite through a given pathway is governed by several
paraneters. Oher factors such as pool sizes and their turn-

over will also have an influence on the metabolic flux. The
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situation becones nuch nore conplex in experinental condi-
tions (drug administration or altered physiological condi-
tional where im changes In the flux of metabolites in oOne
pathway mght have an influence on other pathways. Hence, a
sinpl e nmeasurenment of enzyne activity may not give adequate
information. One way of overcoming this problemis to provide
the substrate to the system and to neasure the levels of end
products and various intermediates in the nornal and altered
conditions. This information along with the changes in the
activities of enzymes might provide a meaningful information.
Such an attenpt is nade in the present study where iIn glucose
was provided to the cerebral preparations and the production
of COe was neasured along with the levels of sone of the
intermediates of glycolytic pathway, citric acid cycle and of
malate-aspartate shuttle. These studies have been carried out
with cerebral preparations from nornal and hyperammonemic
rats. In these experiments, it was assumed the netabolic
alterations that have occured under in vivo states, due to
the administration of ammonium salts, would survive the iso-
lation procedure. Results described bel ow support this assum
ption. However, these alterations in the netabolic pathways
that have occured under in vivo conditions might be due to
the direct or indirect effects of the adnministered anmonium
salts. This was inveastigated by studying the netabolic proce-

sses and netabolite levels in preparations obtained from
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normal animals in the presence and absence of added ammonium
ions (to the preparation) . Two concentrationa of anmmonium
acetate was selected for this purpose - 1mM and 5mM - the
|atter concentration represents the level of amonium ions in
brain and cerebrospinal fluid in hyperammonemic states

(Hawkins et al., 1973; Norenberg, 1981; Benjamn, 1962).

Homogenates, used earlier, represent a heterogenous
preparation of the brain region as they contain several
subcel lular organelles. In addition to the ususal subcellular
organel l es, such as mitochondria, ribosomes, nucleus etc.,
the brain homogenates have an additional aubcellular orga-
nelle nanely "synaptosomes". This fraction represents pinched
off nerve endings which contain a part of the neuronal cyto-
plasm (synaptoplasm) along with mitochondria (synaptic mto-
chondria) and is enclosed by plasma nenbrane. These subcell u-
lar particles also contain nmenbrane bound vesicles, called
synaptic vesicles which are involved in the storage and
rel ease of neurotransmitter. In general, the synaptosomes

also contain a portion of the post synaptic menbrane.

G ycolytic enzynmes are supposed to be localized in the
cytosol. However, sonme of the enzymes, especially hexokinase,
are known to be reveraslbly associated with the mitochondria
(Crane, 1953; Johnson, 1960; Beattie et al., 1963; Brunn-

graber et al., 1963; Craven et al., 1969; C ark and Masters,
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1972,1973; Knull, 1977). The association of some of these
enzymes depends upon the physiological status of the cell. It
has been shown that the binding of the hexokinase to the
brain mitochondria alters ites activity and is dependent upon
the energy charge of the cell (Krane and Sols, 1953; Knull et
al. , 1973, 1974; Gots and Besaman, 1974; Inui and lshibasehi,
1979; Easterby and Qadri, 1981; Linden et al., 1982). More-
over, glycolytic enzynes are also present in synaptosones
whi ch represent the pinched off nerve terminals (Knull,

1978, 1980; Szutow cz and Lyeiak, 1980; Knull and Khandel wal,
1982; Ratnakumari and Murthy, 1989, 1990). Hence, studies on
these enzymes conducted with the homogenates night not yield
appropriate information on the magnitude of activities of
thede enzymed indlfferentsubcellular fractions. Mreover,
any changes in the relative distribution of the enzynes in
any one of these fractions, especially during experinental
conditions, mght not be detected by the use of honmpgenates.
Hence, it was thought that the distribution of these enzynes
in different subcellular fractions not only in normal but
also in hyperanmmonem ¢ states mght yield information on the
subcel lular sites of the action of ammnia. In such studies
it is desirable to prepare the subcellular fractions from
different brain regions and study the distribution and the
changes in the activities of glycolytic enzynes during normal

and experinmental conditions. However, practical constraints
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inposed limtations on such study. The major constraint is
the amount of tissue available with the regions like cere-
bellum and brain stem These regions are nuch smaller and
yield of the subcellular fractions would not be high unless a
| arge number of animals are sacrificed. Hence, only cerebral
cortex was used in the preasent study to prepare a subcellular
fractions. In the follow ng description, conparisons were

made between cytosol and mitochondria.

PURI TY OF SUBCELLULAR FRACTI ONS:

For studies involving subcellular fractions, the esta-
blishnent of the purity and cross contam nation is a pre-
requisite. The tw fractions that are to be discussed curr-
ently, i.e., mtochondria and cytosol, have different buoyant
densities. Hence they separate out quite early during diffe-
rential centrifugation. Mdreover, the crude mitochondrial
pellet (P2) was resuspended in sucrose, ;assed through den-
sity gradients and washed with sucrose. This treatnent
dilutes and renoves the cytosolic contam nation of mtochon-
dria. Simlarly, the cytosol was centrifuged at 63,0009 to
renove any particulate material. Centrifugation at 1,00,000g
did not inprove the purity of cytosolic fraction with respect
to the distribution of marker enzymes. The activity of the
marker enzyme Of mitochondria, i.e., succinate dehydrogenase,

was determined in the cytosolic fraction (Table 4.1). It was
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found to be <2t (Table 4.2). However, |In hyperammonemic
states, there was an increaase in the succlnate dehydrogenase
activity in the cytosol. Even under these conditions, it did
not exceed 8% of mitochondrial activity (Table 4.2). The
activity of lactate dehydrogenase, which is considered as a.
marker of cytosol, was about 20% in the mitochondria. Though
it appears to be high, the changes observed in the hyperammo~
nem c states (8% in subacute and 24% in acute states) indi-
cated that thi3 nmay not be due to cytosolic contamination of
m tochondria (Table 4.2). Probably sone |actate dehydrogenase
is tightly associated with mitochondria and this can not be

renoved by washing with sucrose.

METABCLI C STUDI ES:
PRODUCTI ON OF *4COe FROM [U - 1*4C] GLUCOCSE:

When the cytosol and mtochondria were incubated with
[U-*4C]) glucose, very low ampunts of *4COs. was produced. This
process was observed to be two fold higher in the mito-
chondrial fraction than in the cytosol (Table 4.3). This
observation was surprising. Cytosolic fraction is capable of
utilizing glucose as it contains glycolytic enzymes. However,
these enzymes can netabolize glucose to pyruvate and they can
not further oxidize pyruvate to CO as they do not have mto-
chondria. Moreover, netabolism of glucose through glycolysis

does not yield COge unless the cytosolic fraction has sone
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small mitochondria which fail to sedinent during centri-
fugation and these mitochondria mght be oxidizing the pyru-
vate. Rupture of a snall population of mtochondria during
the process of homogenization followed by the rel ease of the
citric acid cycle enzynes into the cytosol could be another
phssibility. Under such conditions, the pyruvate fornmed from
glucose in the cytosol may be oxidized further. This possi-
bility will be discussed later. Another pathway for COg
production from glucose in the cytosol could be hexose npno-

phosphat e shunt pathway.

Production of *4C0e from | abelled glucose in the mito-
chondrial fraction is also equally puzzling. Mitochondria
which are usually devoid of glycolytic enzymes can not neta-
bolize glucose unless it is converted to pyruvate. Production
of 14C0e from glucose in this fraction suggests that glyco-
lytic enzymes might be associated with the isolated mtochon-
dria atleast to a snall extent. This presence of glycolytic
enzynes in mtochondria may not be due to contam nation. |t
is, therefore, possible that small amunts of glycolytic
enzynmes might be either adsorbed or firmy associated with
the mtochondria. There are several reports in the literature
in support of the present observation (Brunngraber et al.,
1963; Tamin et al., 1972; Knull, 1977,1978; Szutowicz and

Lysiak, 1980). Further, results obtained in the present study
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on the distribution of glycolytic enzymes also provide

support for the above described result (See later).

In addition to the production of *4CO., levels of sone
of the internmediates of glycolytic pathway, citric acid cycle
and malate-aspartate shuttle were al so measured in the cyto-
golic and mitochondrial fractions after they were incubated
with unl abelled glucose. Gycolytic intermediates such as
filucose-6-phoaphate, fructose-é6-phosphate, phosphoenol pyru-
vat e, pyruvate and |lactate were detected in both the frac-
tions (Table 4.4). Excepting pyruvate and |lactate the levels
of other intermediates were ten times less in the mtochon-
drial fraction when conpared with cytosol. Pyruvate content
in cytosol was twice that of mtochondria while lactate
content was five fold leas in mtochondria when conmpared with
that in cytoaol. When the profiles of levels of the glycoly-
tic intermedi ates were compared, in the cytosol it was |ac-
tate > glucose-6-phosphate > pyruvate > fructose-6é-phosphate
> phosphoenol pyruvate while in the mtochondria it was |ac-
tate > pyruvate > glucose-é6-phosphate > fructose-6-phosphate

> phosphoenolpyruvate (Table 4.4).

A close observation of the results indicate that COs
production was greater in mtochondria than cytosol though
the concentrations of glycolytic internmediates wer-e |esser

than those in the cytosol. This observation once again
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suggests the association of small anmpunts of glycolytie en-
zymes with the mitochondria. Geater rates of CO. production
with very low levels of glycolytic intermediates in the
mitochondrial fraction suggests that the pool of these inter-
medi ates may be having a rapid turnover rate. Very low |levels
of lactate (when conpared to cytosol) indicated that the
preferred pathway of pyruvate utilization in mtochondria
mght be its oxidation while the |east preferred pathway
woul d be its conversion to lactate. This is understandable as
the NADH formed in the glycolytic pathway associated with the
m tochondria might be oxidized in electron transport chain.
Very |low amount of glucose-é6-phoaphate formed by this frac-
tion could be due to the hexokinaae which is associated with
the mitochondria (Crane, 1953; Johnson, 1960; Brunngraber et

al., 1963; Knull, 1977) .

In the cytosolic fraction, glucose-é-phosphate levels
were higher than those of the mitochondria. This suggests
that cytosol has adequate anpunts of ATP which can be used
for the phoaphorylation of glucose. Very high anpunts of
lactate in this fraction is understandable as the pyruvate
formed during glycolysis can not be conpletely oxidized
either due to the absence of mtochondria or due to very
smal | nunber of mtochondria. Hence, pyruvate is rapidly
converted to lactate in this conpartnment. This would favour

the reoxidization of NADH to NAD for the continuation of
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glycolysis.

Above said results indicate that the isolated subcellu-
lar fractions are metabolically active and can utilize glu-
cose. The observation that isolated mitochondria can utilize
gl ucose necessiated a study on the distribution ot the en-
zymes of glycolysia in this fraction as well as in the cyto-

sol. Results of such study are described bel ow

In general, activities of all the glycolytic enzymes
were detected both in cytosolic and mitochondrial fractions
However, the mitochondrial activity of these enzymea wasa
several fold lesser than those in the cytosol (Table 4.5).
Presence of these enzymes in the mitochondrial fraction may
not be due to the contamination for the reasons nentioned
earlier. There are reports in the literature to indicate the
presence of glycolytic enzynes in the mitochondrial fraction
(Brunngraber et al., 1963; Tamin et al., 1972; Knull,

1977, 1978; Szutowi cz and Lysiak, 1980). As the mitochondria
in these studies have been prepared by a nethod different
from that described in the present study it may be assuned
that the presence of glycolytic enzymes observed presently

may not be an experinental artifact.

The activity profile of glycolytic enzynes in cytoso

was observed to be aldol ase > phosphofructokinase ; glycer-
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aldehyde-3-phosphate dehydrogenaae > aldolase ; enolase >
glyceraldehyde-3-phosphate dehydrogenaae ; pyruvate ki nase >
enol ase and | actate dehydrogenase > pyruvate kinase. However,
the activity of hexokinase was greater than that of phoapho~
fructokinase. This profile was the esame in the mitochondria
except that aldolase activity was equal to glyceraldehyde-3-
phosphate dehydrogenase and pyruvate kinase to that of eno-

|ase (Table 4.5).

STUDIES ON CI TRIC ACI D CYCLE I N SUBCELLULAR FRACTI ONS:

Studies with the subcellular fractions (mitochondria
and cytosol) indicated that both these fractions are capable
of producing **COe from glucose. In this connection, it was
suggested that the production of *4C0« from glucose in the
cvtosolic fraction could be due to the presence of few mto-
chondria in the cytosol or it nmay be due to hexose monophos-
phate shunt. |If the former suggestion is true then it should
be possible to detect sone of the intermediates of citric
acid cycle in the cytosolic fraction especially after incuba-
tion with glucose. Studies were conducted along these lines

and the results are presented below (Table 4.6).

Subsequent to the incubation With glucose, citrate and
isocitrate levels were below the |level of detection (sensi-
tivity of the assay 5 nmoles for citrate and 8 nmoles for

isocitrate) while 2-oxoglutarate and malate were detectable
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in the cytosol. Malate levels were higher than the 2- 0X0-
glutarate levels in the cytosol under these conditions. Ab-
sence of citrate and isocitrate in the cytosolic fraction
rules out the possibility of a large contamination of cytosol
With mitochondria. Even if the mitochondria are present, the

contamination could be very little.

However, the presence of 2-oxoglutarate and nmlate in
this fraction, at the instance, appears to contradict the
above statenment on contamination. |t nust be nentioned that
the cytosol prepared from brain has many aminotransferases
and amino acids such as glutamate. The glutamate in the
cytosol mght undergo transamination and yeild 2-oxogluta-
rate. Further, it is also possible that the 2-oxoglutarate
that has been transported into the cytosol (due to malate-
aspartate shuttle) mght still be retained even after isola-
tion. The experiments of Murthy and Hertz (1988) on pyruvate
decarboxylation by astrocytes in primary cultures indicated
that 2-oxoglutarate nay be present in adequate quantities in
the cytosol. This is supported by the fact that addition of
aspartate to iIincubation medium (in the absence of ammonium
chloride) pronpted pyruvate decarboxylatlon in their experi-
ments. This is possible only if aspartate is transaminated
with 2-oxoglutarate in the cytosol to produce oxal oacetate

which is converted to nalate and transported into mito-
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chondria where pyruvate is decarboxylated by pyruvate de-
hydrogenase conplex. Results of their study is in support of
the present observation. Similar explanation also holds good
for the presence of malate in the cytosol. Transamination of
cytosolic aspartate with 2-oxoglutarate could yeild oxalo-
acetate which may be converted to malate by cytoplasmic

nmal ate dehydrogenas e . As the nalate, thus forned, cannot be
utilized fully in the cytoaol (due to the pi..ence of few

mitochondria, if any), it mght accunulate in the cytosol.

Foll owing the incubation with glucose, all the citric
acid cycle intermediates could be detected in the mito-
chondria] fraction (Table 4.6). These might be due to the
conversion of glucose to pyruvate by the glycolytic enzymes
associated with the mitochondria and the subsequent utiliza-
tion of the pyruvate in the citric acid cycle in this aub-
cellular organelle. It is also possible that these interne-
diates were formed by the mitochondria prior to their isola-
tion (i.e., under in vivo state) and they were retained and
survived the rigours of isolation procedure. |f this were to
be true, then it indicates the integrity of nenmbranes of the
isolated mitochondria. It la interesting to note that the
levels of all the citric acid cycle internediates were nore
or less equal in this fraction and this profile is different
fromthat in the cytoaol. Following the incubation with

glucose both ATP and ADP were detected in both the fractions.
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However, the contents of these metabolites were high in

mitochondria conpared to cytosol (Table 4.38).

)
These studies on the citric acid cycle intermediates in
subcellular fractions revealed the minimal or no contam -
nation of cytosolic fraction with mitochondria. This was
further verified by studying the distribution of enzynes of
citric acid cycle in cytosol and mitochondria prepared from

the cerebral cortex of brain from normal rats.

SUBCELLULAR DI STR BUTI ON CF PTRWATE DEHYDROGENASE AND A TR C
ACI D CYCLE ENZYMES:

As was expected the activities of pyruvate dehydroge-
nase and the enzynmes of citric acid cycle except malate
dehydrogenase were higher in the mtochondria than in the
cytosol. Though the magnitude of difference in the activity
levels of these enzymes between these two fractions varied
from enzynme to enzyme, 1In general, 1t waas higher for citrate
synthase and succinate dehydrogenase. The least difference in
the activity levels were observed in the case of pyruvate
dehydrogenaae. Unlike the above enzymes of citric acid cycle,
mal at e dehydrogenase activity was nore or less simlar in the
cytosol and mitochondria, irrespective of the direction in
which the enzyne was assayed. Moreover, theae results indi-

cated that the activity of nmmlate dehydrogenase was signifi-
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cantly higher in the direction of malate formation than in
the direction of oxal oacetate formation in the cytosol. How
ever, in the mitochondria the difference between the activity
of thia enzyne in both the directions waa marginal but stati-

stically signiticant (Table 4.7).

As was observed in the homogenates, the activity of
citrate aynthaae waa higher than that of pyruvate dehydroge-
nase and of isocitrate dehydrogenase. Sinmlarly, the activity
of succinate dehydrogenaae waa about eight fold |esser than
that of 2-oxoglutarate dehydrogenaae and by aeveral folds
than that of malate dehydrogenaae. Theae results support the
earlier view that auccinate dehydrogenase may be an addi -
tional point for the regulation of cerebral citric acid cycle

(Table 4.7).

The profile of the diatribution of citric acid cycle
enzymes excepting mal ate dehydrogenaae would also provide
Information on the purity of these two fractions. The margi-
nal activity of the citric acid cycle enzymes except malate
dehydrogenase in the cytoaol mght be due to the presence of
small mtochondria or mitochondrial fragnents (formed during
homogenization) which failed to sediment and/or nay be due to
the rel eaae of theae enzymes due to the rupture of few mto-
chondria during the process of homogenization. It is alao

possible that the activity of theae enzymes in cytoaol may
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represent the nascently formed enzymes awaiting for their

transport into mitochondria.

STUDI ES ON MALATE-ASPARTATE SHUTTLE:

As was mentioned earlier, the intermediates and the
enzymea Of malate-aspartate shuttle are distributed between
cytoaol and mitochondria. The internediates include malate,
2-oxoglutarate, glutamate and aapartate while the enzynes
involved are malate dehydrogenase and aapartate aninotrans-
ferase. Hence, the subcellular distribution of the conponents
of mal ate-aspartate shuttle were analyzed and the results are

presented bel ow i

Studies on the distribution of two intermediates oOf
malate-aspartate shuttle (following the incubation with glu-
cose) i.e., 2-oxoglutarate and nml ate, are already des-
cribed (Table 4.6). It may be sunmarized that these two
intermedi ates are present both in cytosol and mitochondria.
With regards to the amino acid conponents of the shuttle, it
was observed that both glutamate and aspartate are present in
the cytosol and mitochondria. In both these fractions gluta-
mate levels were observed to be three fold higher than those
of aspartate. G utamate content in the cytoaol was found to
be higher than that in the mitochondria while there was no
difference in the aspartate |levels between these two frac-

tions (Table 4.8). Higher levels of glutanate than aapartate
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in isolated fractions is understandable as aspartate is for-
med only by the transamination of glutamate with oxal oace-
tate. Since oxal oacetate concentration would be less than
that of 2-oxoglutarate (see discussion above) |ess ampunts

of aspartate would be forned.

In addition to the levels of the internediates of
malate-aspartate shuttle, data is also presented on the dis-
tribution of the enzymes of malate-aspartate shuttle in the
subcel lular fractions. Activity levels of malate dehydroge-
nase, neasured in both the directions, have already been
described. In brief, malate dehydrogenase is present both in
cytosol and mitochondria. Ml ate dehydrogenase activity,
measureu IiN the direction of oxal oacetate formation, was
hi gher in the mitochondria than in the cytosol. However,
activity of this enzyne when neasured in the reverse direc-
tion was marginally higher in cytosol than in mtochondria.
In mitochondrial fraction there were no statistically signi-
ficant changes in the activity of malate dehydrogenase when
measured in both the directions, while in the cytosol ita
activity in the direction of malate formation was higher than
the activity in the direction of oxal oacetate formation
(Table 4.9). Activity levels of aspartate aminotranaferase
were simlar in the mitochondrial and cytosolic fractions and
were lesser than that of nalate dehydrogenase (both direc-

tions) (Table 4.9). These results suggest that the differen-
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cea in the levels of 2-oxoglutarate, malate, glutamate and
aapartate may not be due to the differences in activities of

the enzymes involved in the shuttle.

EFFECTS OF AMVONI A:

Results present ed earlier indicated that the opera-
tional rates of the glycolytic pathway and of citric acid
cycle might be stinulated in hyperammonemic states. However,
this conclusion is based on the studies of enzyme activities
in homogenates. As was nentioned earlier, enzyne activities
are not true indicators of metabolism Hence, |evels of
intermedi ates of glycolytic pathway and of citric acid cycle
were determined in the cytomsol and mitochondria prepared from
the cerebral cortex of brains of rats rendered hyperanmonenic
by administering either subacute or acute dose of ammonium
acetate. In sonme of the studies, ammonium acetate (1 aM and 5
mM, pH 7.4) was added to the suspensions containing subcellu-
lar fractions prepared fromnormal animals (in vitro addi-
tion) and were incubated with glucose. Results obtained in

these studies are present bel ow

14C0g PRODUCTI ON FROM [U - 1*4C] GLUCCSE:
14C0g Was produced from glucose by the mitochondria and
cytosolic fractions. The COe produced was higher in the

mitochondrial fraction than in cytosol. There were no statia-
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tically significant changes in the amount of CO evolved from
glucose by the cytosol prepared from the cerebral cortex of
rats injected with the subacute dose of ammonium acetate.
However, under these conditions, the amunt of C0e produced
by the mitochondria was enhanced. An elevatign was observed
in the rate of production of COe from glucose by both mto-
chondria and cytosol prepared from the cerebral cortex of
rats injected with an acute dose of ammonium acetate. The
magni tude of elevation was sanme in both the fractions (Table
4.10). Addition of 1mM ammonium acetate to the incubation
medium resulted no significant change in the rate of *4COp
production in both the fractions. However, when the assay was
performed in the presence of 5 mM amoni um acetate, the

magni tude of change was sane in both the fractions but it was
statiastically significant only in the mitochondrial fraction

(Table 4.10).

Enhanced production of COe from glucose in hyperammone-
mic states in both the fractions could not be due to enhanced
availability of glucose as the incubation nedia used in these
studies contained simlar amounts of glucose. Moreover, there
are no perneability barriers in the cytosol (as it has no
nmenbranes or membrane bound particles) to restrict the avai-
lability of glucose to the netabolic pathways. Even in the
mitochondria, nenbrane barriers may not play a major role in

determining the availability of glucose, as nost of the

180



\
glycolytic enzynes might be associated either with the outer
membrane or outer surface of inner nmenbrane. Hence, the
alterations in the rate of transport as a reason for enhanced
COe production from glucose nay be ruled out atleast in the

present case.

These results, thus, suggested increased glucose utili-
zation in aubcellular fractions in hyperammonemic states. |f
this were to be true, then the levels of netabolites of
glycolytic pathway in the subcellular fractions should show
changes parallel to that of CO production. Moreover, it was
suggested earlier that some of the CO produced from gl ucose
m ght be through hexose monophoasphate pathway. If this were
to be true, then the increased production of CO by the
cytosolic fraction in hyperamonemic states could also be due
to increased operational rates of hexose monophosphate shunt.
Under such conditions, no changes can be expected in the
levels of glycolytic intermediates in the cytosolic fraction
in hyperamonem c states. In order to have further inforna-
tion, levels of glycolytic intermediates were deternined
follow ng the incubation of subcellular fractions wth glu-

cose.

Uhen the above said experinments were perforned with the
cortical cytosol of rats of subacute group, the follow ng

results were obtained. There was an increase in the levels of



glucose-6-phosphate, fructose-é6~phosphate and phoaphoenol-
pyruvate. The magnitude of change in glucose-6-phosphate and
phosphoenol pyruvate were similar while that of fructose-6-
phosphate was |esser than that of glucose-é-phosphate oOr
phosphoenol pyruvate. However, there were no statistically
significant changes in the levels of pyruvate and lactate in
the cytosol under these conditions. In the cortical cytosol
obtained from rats of acute group, there was significant
increase in the contents of glucose-6-phoaphate, fructose-6-
phosphate, phosphoenolpyruvate and pyruvate. However, under
these conditions, lactate levels were decreased when conpared
to the control values. Further, all the changes observed in
the cortical cytosol of acute group animals were higher than

those in the subacute group (Tables 4.11 to 4.15).

Increased glucose-6-phosphate |evels suggested that the
rate of phosphorylation of glucose is enhanced in hyper-
ammonemic states. This suggestion is supported by the obser-
vations of Bessman and Pal (1982) and of Jessy et al (1990).
However, Hawkins et al., (1973) observed no significant
increase in glucose-6-phosphate content in the extracts of
supratentorial regions of brains of rats which are rendered
hyperammonemic by administering an acute dose of ammonium
salts and Mans et al., (1984) reported only marginal changes

in the levels of this netabolite in whole brain extracts of
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rats rendered hyperammonemic by portocaval shunt. It must be
mentioned that glucose-é-phosphate synthesis requires ATP in
the cytosol. From the above results it was apparant that ATP
levels in the cytosol were nore than adequate to carry out

gl ucose phosphorylation and that the ATP levels are being
mai nt ai ned through out the incubation period. This is possi-
ble by substrate |evel phoaphorylation of ADP. One such
reaction is catalysed by pyruvate kinase which transfers the
phosphate from phosphoenol pyruvate to pyruvate. As there
would be limted amounts of ADP in the cytosol, the rate of
phosphorylation of glucose under these conditions might be
regul ated by the production of ATP in the pyruvate kinase
reaction. This also suggested that the activities of both
hexokinase and pyruvate kinase mght be elevated in hyper-

ammonemic States.

Decrease in lactate levels in the cytosol both in
subacute (though not statistically significant) and in acute
states is surprising and is contradictory to the results
obtai ned by several investigators. It was reported earlier
that the lactate content increases in several different types
of cerebral preparations (ranging from whole brain extracts
to slices) under hyperammonemic states (Hawkins et al., 1973;
Jessy et al., 1990; Adams et al., 1979; Raabe and Lin, 1984).
It was also reported that ammonium ions in pathophysiological

concentrations pronptes anerobic glycolysis and thus enhances

183



cerebral lactate levels (Benjamin et al., 1978, Benjamin and
Verjee, 1980). Though the results of the present study on

| actate content indicated a decrease, it nust be stated that
| actate dehydrogenase activity is several folds higher than
that of pyruvate kinase. Hence, the l|actate dehydrogenase
activity, even if it is suppressed, might still be adequate
enough to convert pyruvate to |lactate. Maintainance of |ac-
tate dehydrogenase activity, even at low |evels, would be
essential as it can regenerate NAD from NADH in the cytosol
especially when malate-aspartate shuttle is interrupted as in
hyperammonemic states. Suppression of lactate formation under

these conditions would spare pyruvate for citric acid cycle.

Fol I owing were the changes in the levels of glycolytic
internedi ates when the mitochondria from the hyperammonemic
animals were incubated with glucose : (1) levels of glucose-
6- phosphate, fructose-6-phosphate and phosphoenolpyruvate
were enhanced in both aubacute and acute states, (2) there
were no statistically significant differences in the pyruvate
levels and (3) lactate levels were found to decrease (Tables
4.11 to 4.15). The ATP required for the phoaphorylation of
glucose might be directly provided to hexoki nase through the
membrane bound ATP/ ADP translocator (Lehninger, 1984) or from
phosphoenol pyruvate in the reaction nmediated by pyruvate

ki nase associated with mitochondria. A decrease of lactate
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content in this fraction would spare the pyruvate for its

utilization in citric acid cycle.

The effects of ammonium ion on the levels of interme-
di ates appear to be due to the direct effects of ammpnia on
the concerned netabolic pathways. This is confirnmed by sim-
lar changes in these intermediates by the in vitro addition
of 1mM and 5mM ammonium salts to the incubation medium
Changes observed in the levels of intermediates in the pre-
sence of 1mM ammonium acetate were sinmlar to those occuring
in subacute state while those that are taking place in the
presence of 5mM ammpnium acetate are simlar to those ocur-
ring in acute state (Tables 4.11 to 4.15). However, the rate
of production of *4COg from [(U-*'*Clglucosein the in vitro

and in vivo states were not simlar (Table 4.10).

The changes observed in glucose oxidation and of neta-
bolite levels support the notion that cerebral glucose neta-
bolism might be stinulated by ammonium ions. Studies were
performed to confirm these effects by deternmining activities
of the enzymes of glycolytic pathway in cytoaol and mtochon-
dria isolated from the cerebral cortex of hyperammonemic

rats.

STUDI ES ON ENZYMES OF GLYCOLYTI C PATHWAY:
Foll owing the adm nistration of subacute dose of

amoni um acetate, it waa observed that the nmitochondrial
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activity of the hexokinase was enhanced while that in the
cytogol was suppressed (Table 4.20). Activities of phospho-
fructokinase and al dol ase were enhanced in both the fractions
in subacute hyperammoneniic condition (Table 4.21 and 4.22).
However, the change in the mitochondrial phosphofructokinase
activity was statistically not significant (Table 4.21). The
change in glyceraldehyde-3-phosphate dehydrogenase Was Sin -
lar to that of hexokianse in the sense that the mitochondrial
activity was enhanced but the change in the activity in
cytosol was statistically not significant (Table 4.23).
Activities of enolase and pyruvate kinase, though enhanced in
mitochondria in subacute condition, These changes were not
statistically significant while the changes in the cytosolic
activities of these enzynmes were statiatically significant
(Tables 4.24 and 4.25). Alteration in the activity of lac-
tate dehydrogenase, when assayed in the direction of lactate
formation was surprising, as it was suppressed in both the
fractions (Tables 4.26 and 4.27). This is in contrast to the
results obtained with the homogenates in which there were no
statistically significant alterations in the activity of

| actate dehydrogenase (pyruvate to |actate) under these con-
ditions (Table 3.13). The same was also true when the acti-
vity of this anzyme was nmeasured in the direction of pyruvate
formation. Its activity in the cytosolic fraction was enhan-

ced by 80% while there were no significant alterations in
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mitochondria (Table 4.27). However, in the homogenates the
decrease in the activity of this enzyme was marginal but

statistically significant (Table 3.14).
ACUTE CONDI TI ON:

In the acute hyperammonemic states, activities of all
the glycolytic enzynmes were .enhanced in both the cytosolic as
well as in mitochondrial fractions isolated from the cerebral
cortex (Tables 4.20 to 4.27). Exceptions to this are (1)
changes in hexokinase activity in cytosol were statistically
not significant (Table 4.20) and (2) changes in the activity
of lactate dehydrogenase measured in the mitochondria, in the
direction of pyruvate formation, were unaltered under these
conditions (Table 4.27). As was in the subacute condition,
changes observed in the activities of all the enzynes except
hexokinase and |actate dehydrogenase (both the directions)
were simlar to those described for the honpgenates (Tables
3.7 to 3.14 and 4.20 to 4.27). In the case of hexokinaae,
there was a decrease in the activity of this enzyme in the
homogenate (Table 3.7), while in the subcellular fractions 1t
was unaltered in the cytosol and was enhanced in the mito~
chondrial fraction under these conditions (Table 4.20). In
the case of |actate dehydrogenase, there was a suppression of
equal magnitude in its activity iIn the subcellular fractions

whan neasured in the direction of lactate fornmation (Table
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4.26) while in the homogenates it was elevated (Table 3.13).
Simlarly, when the activity of this enzyne waa neasured in
the opposite direction, it was enhanced in the cytosol and
was unaltered in the mtochondria (Table 4.27) while in the
homogenate it was suppressed (Table 3.14). As nentioned ear-
lier, the precise reason for the anomoloua behaviour of these
two enzymes when measured.in honpgenates and aubcel |l ul ar
fractions is not known at present. It nmay be said, however
that the changes for the mpjority of the enzynes were in the
same direction in the subcellular fractions and in the hono-

genates.

Majority of the changes observed in the activities of
glycolytic enzymes in the aubcellular fractions of brain in
hyperammonemic states resenble closely to the changes obser-
ved in the levels of their intermediates. The increase in
mitochondrial hexokinase (Table 4.20) ises in keeping with the
enhanced glucoae-6-phosphate | evels observed in the mtochon-
drial fractions (Table 4.11) in hyperammonenic states. Though
there was an elevation in the cytoaolic gl ucose-6-phoaphate
content (Table 4.11), there were no statistically significant
changes in cytosolic hexokinase activity (Table 4.20). This
suggests that the elevation in cytosolic glucose-6-phosphate
level s could be due to the suppression of other pathways

which utilize this metabolite. Increase in phosphofructo-
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kinaase activity in hyperanmonemi c states ensures the conver-
sion of glucose-é-phoaphate to fructose-1,6-diphosphate.

El evation in the activity of this enzyme could be due to the
allosteric activation of the enzyme by ammpnium ions (Lowry
and Passonneau, 1966; Sugden and Newsholme, 1975). Enhan-
cement in the aldolase activity in the subcellular fractions
in hyperammonemic states would result in an increase in the
production of triose phosphates in the cytosol and mtochon-
dria. The observed increase in glyceraldehyde-3-phosphate
dehydrogenase activity in the mtochondria could be due to
increased availability of both substrates and the cofactor
(NAD), as it has been reported that mitochondrial NAD/ NADH
ratio is elevated in hyperammonen c states (Hawkins et al.,
1973). However, in the cytosol there were no statistically
significant changes in the activity of this enzyme. This is
under st andabl e as NAD regenerating systens (malate-aspartate
shuttle and | actate dehydrogenaae) are suppressed in hyper-
ammonemic states and the cytosol is in a nobre reduced state
under these conditions. Increase in the activity of enolase
(Table 4.24) observed in the present study is in agreement
with the increased phosphoenol pyruvate levels in both the
subcel lular fractions under these conditions (Table 4.13).
Changes observed in pyruvate levels in the cytoaol are in
agreenment with the activity of pyruvate kinase in this frac-

tion. However, in the mitochondria pyruvate |evels underwent
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no statistically significant changes though there was an
elevation in the activity of pyruvate kinase (Tables 4.14 and
4.25). This could be due to an enhancement in the transport

of pyruvate into the mtochondria and in its utilization in
the citric acid cycle in thia subcellular organelle. Suppre-
ssion of lactate dehydrogenase activity observed in the mto-
chondria and cytoaol prepared from the cerebral cortex of
hyperammonemic rate ies in agreenent with the observed fall in

the lactate content in these two subcellular fractions.

These results indicated that the increased activities
of the enzymes observed in the homogenates in hyperammonemic
states are also reflected in the subcellular fractions. The
only exception ia with |actate dehydrogenase, whose activity
was enhanced in the honpbgenates while it was suppressed in
the cytosol. The latter change is physiologically favourable
as it spares the pyruvate for citric acid cycle. However, the
fall in the levels of lactate and |actate dehydrogenase
activity in the subcellular fractions (Tables 4.15 to 4.26)
ia not in agreenment with the results of several investigators
who reported an enhanced |lactate levels in hyperanmonenic
states (Hawkins et al., 1973; Adams et al., 1979; Raabe and
Lin, 1984; Jesey et al., 1990). However, it nust be nentioned
that this anamoly between the results of the present etudy
with that of others could be due to differences in the prepa-

rations used. Hawkins et al., (1973) reported an increase in
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the lactate levels in the supratentorial regions of the brain
after the administration of ammonium chloride. Adams et al.,
(1979) reported a simlar increase in the brain lactate
levels in the rats infused with ammonium acetate. Like wise
Raabe and Lin (1984), O Connor et al., (1984), Mans et al.,
(1984) and Jesay et al., (1990) reported a simlar increase
in brain lactate levels in various aninmal nodels for hyper-
ammonemia. |t nust be mentioned that these levels were nea-
sured in extracts of brain by arresting post-nortem changes.
However, in the present study, not only the activity of the
enzyne (lactate dehydrogenase) and also the |actate |evels
(following incubation with glucose) were estimated in sub-
cellular fractions. It is possible that some of the changes
that occured in situ mght not be reproducible faithfully
under in vitro conditions. However, it mnust be nentioned that
majority of the changes observed in these experinmental condi-
tions have been retained and they survived the rigors of the
isolation procedure. In conclusion, it may be stated that the
results obtained with levels of glycolytic intermediates,
activities of enzymes involved in their netabolism suggest
that the cerebral glycolysle might be enhanced in hyper-

anmonemic States.

STUDI ES ON CI TRIC ACI D CYCLE

The energy depletion theory proposed by Bessman and
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Besaman (1955) to explain the mechanism of ammonia toxicity
centers around the disturbances in the operation of citric
acid cycle due to the depletion of 2-oxoglutarate. This
hypothesis was verified later by several investigators by
measuring cerebral levels of citric acid cycle intermediates
in several aninmal nodels of hyperammonemia. In the present
study it was observed that the activities of citric acid
cycle enzynmes in homogenates were enhanced in hyperammonemic
statea. Further, the presence of citric acid cycle enzynes
was al so observed in the cytosol, albeit |esser than that of
m tochondria. Moreover, it was suggested that in hyperammone-
mic states the activities of glyceolytic enzymes associated
with mitochondria were enhanced and there might be an enhan-
ced utilization of pyruvate in citric acid cycle under these
conditions. Keeping these in view, studies were perforned on
the levels of citric acid cycle intermediates and the activi-
ties of citric acid cycle enzymes in the mtochondria and

cytosol in present nodal of hyperamonen a.
METABOLI TE LEVELS:

Results obtained on *'4COy production indicated an en-
hancement in this process in both the subcellular fractions
in hyperammonemic states (Table 4.10). If the *'4COe produc-
tion from glucose la taking place due to the operation of

pat hways concerned with glycolysis and citric acid cycle,
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then the levels of the intermediates of this pathway should
be elevated in the mtochondria and cytoaol prepared from
cerebral cortex of hyperammonemic rats. Results obtained on
@lyroly+tie intermediates, which were presented earlier, sup-
ported this concept. In order to obtain fturthel evIdeRfe;
levely ot citric acid cycle Intermediates were determned in
these subcellular fractions .after they are incubated with

glucose.

In the cytosolic fraction prepared from the cerebral
cortex of subacute group of rats, citrate and isocitrate
levelas could not be detected after the incubation with glu-
cose (Tables 4.16 and 4.17). However, in the sane preparation
fromacute group of rats, small amunts of these two interme-
diates of citric acid cycle were detected (Table 4.16 and
4.17). Under these conditions, there were no statistically
significant changes in the mitochondrial citrate content
(Table 4.16). Isocitrate content of mtochondria isolated
from the subacute group of rats was unaltered while there was
an elevation in the same in acute conditions (Table 4.17).
The content of 2-oxoglutarate was elevated in these two
subcel lular fractions isolated from both the groups of hyper-
ammonemic rata. The magnitude of elevation was higher in
cytosol than in mitochondria and in acute conditions than in

subacute states (Table 4.18). A simlar profile of change was
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observed in the malate content of these two subcellular
fractions except that the increase in mitochondrial malate
content in subacute conditions was not statistically signi-
ficant (Table 4.19). Similar changes were noticed in the
citric acid cycle intermediates in these two subcellular
fractions of normoammonemic rats when incubated with glucose
in the presence of ammonium ions except that sone of the
changes observed in the.presence of 1 mM ammonium acetate
were statistically not significant (Table 4.16 to 4.19).

Lack of changes in mitochondrial citrate levels in
hyperammonemic states, though contradicts the suggestion of
increased pyruvate utilization under these conditions, could
be due to the lack of availability of oxal oacetate as nmmlate
dehydrogenase activity was suppressed (see |later). The change
observed in the mitochondrial citrate content in the present
study was in agreenent with simlar reports of Hawkins et
al., (1973) and Jessy et al., (1990). However, increased iso-
citrate levels in the mtochondria indicated an increase in
the rates of citrate utilization. This was further confirned
by the enhanced 2-oxoglutarate content in the mtochondria

under these conditions.

It is well known that 2~-oxoglutarate is formed and
utilized in the netabolism of glutamate. One such reaction of
glutamate netabolismis nediated by glutamate dehydrogenase.

This enzyne can bring about the formation of 2-oxoglutarate
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from glutamate by oxidative deamination or utilize 2-oxoglu-
tarate for glutamate formation by reductive amination. Stu-
diea with [U - **Cland [1 - *4C])glutamate suggested that
the oxidative deam nation of glutamate may be suppressed in
hyper anmonem ¢ states (Yuet al., 1982, Lai et al., 1989).
Though it was proposed earlier that the equilibrium of gluta-
mat e dehydrogenase reaction .under physiol ogical conditions
favours glutamate fornmation (2-oxoglutarate utilization),
this has been questioned recently aa the ammnia levels in
brain in normoammonemic conditions are nuch bel ow the Km
value of this enzyme for ammonium ions (Cooper and Plum
1987). However, in hyperanmonem c states, the enhanced cere-
bral ammonia levels could drive the reaction towards gl uta-
mate forwation. In fact it was proposed earlier that gluta-
mate formation from amonia mght be the primary pathway for
ammoni a detoxification (Bessman and Bessman, 1955; Berl,
1971; Norenberg, 1977; Berl and Clarke, 1983; Berl, 1984) and
in this process 2-oxoglutarate is drained out of citric acid
cycle. If this were to be true, then the mitochondrial 2-
oxoglutarate levels should register a fall in hyperammonemic
states. Results obtained in the present study, however, does
not support the above proposal. Mreover, glutamate dehydro-
genase activity in the direction of glutamate formation was
found to decrease in the mitochondria of cerebral cortex and

cerebel lum in hyperammonemic rate (Subbalakshmi and Murthy,
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1983, 1984, 1985).

Anot her route of formation of 2-oxoglutarate from glu-
tamate iS by the transamination of the latter with a keto
acid in a reaction mediated by aminotranaferases. Though this
reaction is possible with any «-keto acid, the oxal oacetate
and pyruvate are the preferred keto acids. The reaction with
oxal oacetate is nediated by aspartate aminotransferase and
that with pyruvate by alanine aminotransferase. Though the
activity of aspartate aminotransferase is higher than any
other aminotransferase in brain (Benuck et al, 1971), it wll
be limted by the availability of oxaloacetate. It has been
shown that <t all the citric acid cycle intermediates, the
levels of oxaloacetate are lowest in the brain (Col dberg et
al ., 1966; Fol bergrova et al., 1974a,b; Norberg and Siesjo,
1975b, 1976; Carlsson et al., 1975). Moreover, in hyper-
ammonem ¢ states the levels of glutamate were found to
decrease (Hindfelt, 1975; Hindfelt et al., 1977, Tyce et al.,
1981; O Connor et al., 1982) and so also the levels of oxa-
| oacetate (due to suppression of malate dehydrogenaae
(Hawkins et al., 1973). In addition to this, the aspartate
aminotransferase activity is also suppressed under these
conditions (Subbalakshmi, 1984; Ratnakumari andtturthy
1985,1989; and also see later). In the reaction nediated by

al anl ne aminotransferase, the substrates i.e., glutamate and
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pyruvate are not rate limiting but the activity of this
enzyme, though higher than other aminotransferases, iS seve-
ral fold less than that of aapartate aminotransferase. More-
over, activity of this enzyme is also suppressed in brain in
hyperammonemic states(Sadasivudu and Murthy, 1973, 1976;
Subbalakshmi and Murthy; 1983, 1984, 1985; Ratnakumari and
Murt hy, 1985, 1986, 1989, 1990). As both the routes of 2-
oxoglutarate formation from glutamate (oxidative deamination
and transamination) are suppressed in brain in hyperammonemic
states, it appears that 2-oxoglutarate mght be formed to a
large extent in citric acid cycle under these conditions.
However, the possibility of suppression of 2-oxoglutarate
utilization as a causative factor for the enhancement in its
content can not be ruled out as succinate levels were not
determined in the present study. Increase in the mitochon-
drial malate content in hyperammonemc states could be due to
the suppression of malate dehydrogenase activity in the dire-
ction of oxaloacetate formation (See later). It could also
be due to an increase in the rate of synthesis of nmlate

under these conditions.

Increase in the contents of citrate and isocitrate in
the ecytosol in the acute states but not in subacute states
once again rises the question of contamination of cytosol
either with mitochondia or with mitochondrial fragnments but

this can be ruled out as citrate was not detected in subacute
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hyperammonemic states. Such an increase could also be due to
a suppression of citrate lyase activity in the cytosol in
hyperanraonenic states. However, citrate |lyase activity is |low
in brain (Szutowicz and Lysiak, 1980) and it is not known
whether the activity of this enzyme is affected by pathophy-

siol ogi cal concentrations Of ammonium ions.

El evation in 2-oxoglutarate content in the cytoaol may
be due to its synthesis in citric acid cycle in the mitochon-
dria and its subsequent transport into cytosol. If this is
true, then it should have happended prior to the isolation of
the fractions and retained during isolation or it mght have
been forned during the incubation by the snall nunber of
m tochondria present (if any) in the cytoaol. One other
reason for the rise in cytosolic 2-oxoglutarate content could
be due to the suppression of cytosolic aspartate amino-
transferase. Increase in cytoaolic malate content in hyper-
ammonemic States (which was statistically significant only in
acute conditions) nmay be due to the increased conversion of
oxal oacetate to malate in this subcellular fraction or due to
the failure of the carrier that transports malate from the
cytosol to mitochondria. If the latter were to be true, then
cytosolic 2-oxoglutarate content should have registered a

fall rather than an elevation

What ever may be the mechanism for the reported changes
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in citric acid cycle intermediates, these results indicated
that there is no depletion of 2-oxoglutarate content in
hyperammonemic States. Though this suggestion is not in
agreenent with results of Besaman and Bessman (1955), it
agrees very well with the reports of several investigatorae
(Hawkins et al., 1973; Vergara et al., 1974; O Connor et al.,
1984; Mans et al., 1984). Results of the present study al so
suggests that the operational rates of citric acid cycle nmay
not be compromised in brain in hyperammonem c states.
However, no statistically significant changes were noticed in
the contents of ATP and ADP in mtochondria and cytoaol under

both the conditions (Tables 4.39 and 4.40).

As was done in earlier experiments, the observations on
the contents of citric acid cycle metabolites have to be
supplimented with the results of the studies on enzyne acti-
vities. For this purpose, the mtochondria and cytosol were
isolated from hyperammonemic rats and the activity levels of
enzynes were determ ned. These results, presented bel ow, were

conpared with those obtained in normal aninmals.

Foll owing the administration of either subacute or
acute doses of ammonium acetate, there was an elevation in
the mitochondrial pyruvate dehydrogenase activity and the
magni t ude of elevation was much higher in acute state than in

subacute state (Table 4.28). Under these conditions there



were no atatistically significant changes in the citrate
synthetase activity in thia asubcellular fraction isolated
from the cerebral cortex of either aubacute or acute hyper-
amonemi c rats (Table 4.29). Though the isocitrate dehydroge-
naae activity in the mitochondria was elevated in both the
groups, the change in subacute State was statistically not
significant while in the acute state the elevation in the
activity was marginal but was statistically significant
(Table 4.30). Activity levels of 2-oxoglutarate dehydrogenase
were enhanced in the mitochondria isolated from the cerebral
cortex of the rats administered with subacute dose of

ammoni um acet ate. However, elevation in the activity of this
enzyne after the administration of an acute dose of ammonium
acetate was not atatistically significant (Table 4.31).

Succi nat e dehydrogenase activity was enhanced in the nmto-
chondria in both subacute and acute states of hyperammonemia
(Table 4.32). In contrast to all these changes malate de-
hydrogenase activity was suppressed in the direction of

oxal oacetate formation in the mtochondria isolated from
subacute or acute hyperammonemic rats (Table 4.33). Activity
of this enzyne in the reverse direction was unaltered under
these conditions (Table 4.34). An interesting observation in
this atudy was the |esser magnitude of changes in the activi-
ties of all citric acid cycle enzymes in the mitochondrial

fraction of the cerebral cortex of hyperammonemc rats when
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conmpared to the changes observed under similar conditions in
homogenates. Exceptions to this were the changes in the
activities of succinate dehydrogenaae and malate dehydroge-

nase in the mitochondria in subacute hyperammonemic States.

Activities of the citric acid cycle enzymes in the
cytosolic fraction prepared from the cerebral cortex of
hyperammonemic rats were |esser than those of the mtochon-
dria, a situation simlar to that seen in the nornal animals
However, the activities of all the citric acid cycle enzymes
excepting mal ate dehydrogenase were enhanced to a very great
extent, ranging from15 to 8 fold (47%to 725';), in the
cytosol. Despite the increase in the activities of these
enzynmes in the cytosol, it must be enphasized that the obser-
ved activity levels were nuch |lower than those observed in
the mtochondria (Tables 4.28 to 4.32). Malate dehydrogenase
activity, when nmeasured in the direction of oxal oacetate
formati on, was suppressed in the cytosol in both subacute and
acute states of hyperammonemia. The nmgnitude of suppression
was nmore or less same in both the conditions (Table 4.33). 1In
contrast to this, activity of this enzyne when neasured in
the reverse direction i.e., towards malate formation, was
enhanced in the cytosol under these conditions (Table 4.34).
The profile of changes observed in the cytosolic activities

of citric acid cycle enzymes in hyperammonemic states were
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similar to those in honpgenates but the magnitude of change
was nmuch higher in cytosol when conpared to honpgenates. An
exception to this is the change in the cytosolic malate

dehydrogenase activity neasured in the direction of nmmlate

formation.

Increase observed in the pyruvate dehydrogenase acti-
vity in the mtochondria would facilitate the channelling of
pyruvate into citric acid cycle in hyperammonemic conditions
This may be further aided by the suppression of |actate
dehydrogenase and al ani ne aminotransferase activities as a
result of which pyruvate would be aspared for the citric acid
cycle. This observation on pyruvate dehydrogenase activity is
well in agreenent with the earlier suggestion. |Increased
activity of pyruvate dehydrogenase in hyperammonemic states
could be due to the altered states of phosphorylation of
pyruvat e dehydrogenase conpl ex under these conditions. Lack
of change in citrate synthetase activity in the mtochondria
from the cerebral cortex of hyperam nonemc rats agreed very
well with the results of mitochondrial citrate content obser-
ved under similar conditions. However, changes in the isoci-
trate dehydrogenase activity were not in proportion to the
changes in 2-oxoglutarate content. However, stinulation of
isocitrate dehydrogenaae (atleast in acute states) might
drive the reaction of citrate synthetase forward and thus

facilitate the conversion of citrate to isocitrate and to 2-
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oxoglutarate dehydrogenase in subacute state than in acute
state. This mght explain the greater 2-oxoglutarate content
in the acute states chan in subacute states. Changes observed
in 2-oxoglutarate dehydrogenase suggests that the utilization
of 2-oxoglutarate in the citric acid cycle nay not undergo
radi cal changes in hyperammonemic states. As the 2-oxogluta-
rate dehydrogenase complex resenbles pyruvate dehydrogenase
conplex in several aspects, the mechanism of stinulation of
this enzyme in hyperammonemic states mght be similar to that
of pyruvate dehydrogenase. This suggestion is supported by
observation on branched-chain keto acid dehydrogenase, an
keto acid dehydrogenase involved in the nmetabolism of bran-
ched-chain keto acids, is also activated in hyperanmonem c
states (Jessy and Murthy 1990a,b). However, the results of
the present study on 2-oxoglutarate dehydrogenase are not in
agreenent with the results of Lai and Cooper (1986) who
reported that ammonium ions even in snall concentrations
would inhibit the activity of thias enzyme in the mitochondria
prepared from the cerebral cortex of normal rats. Though the
reasons for this discrepancy are to be investigated, it could
be due to differences in the assay methods and in the prepa-
rations used. In their study, Lai and Cooper (1986) have used
m tochondria fromthe brains of normoammonemic rats while in
the present study mtochondria from hyperamonenic rat brains

were used. Though the reports of McKhan and Tower (1961)



indicated a suppression in the production of '4COz from 2-
oxoglutarate in the brain mtochondria in the presence of
ammonium iona, it nust be mentioned that the results of
met abol i ¢ study need not necessarily be same as that of
enzyme activities. Furhter, these investigators have used
very high concentration (20 mM) of ammonium chloride to

achieve this effect.

Increase in the activity of 2-oxoglutarate dehydroge-
nase woul d increase the production of succinate. Though
succinate dehydrogenase activity was enhanced by 2 fold in
the mitochondria in hyperammonemic states, still the activity
of this enzyme is lesser than that of 2-oxoglutarate dehydro-
genase. This might result in the accumulation of succinate
under these conditions. This would also inpair the production
of oxal oacetate which is required for (a) condensation of
acetyl CoA and (b) for transamination (Wth glutamate) re-
action. Lack of oxal oacetate m ght result in accumul ation of
acetyl CoA which might exert feed back inhibition on pyruvate
dehydrogenase. This would restrict the formation of acetyl
CoA. However, it is also possible that acetyl CoA (which
accunmul ates in hyperammonemic states) might act as a stinu-
lator for phosphoenol pyruvate carboxykinase and enhance the
production of oxal oacetate. Berl denonstrated a increase in

COg fixation in brain in hyperammonemic states (Berl et al.

1
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1962; Berl 1961) which is in supportive of the above sugges-
tion. Moreover, association of nalate dehydrogenase with
other enzymes might also influence the utilization of oxalo-
acetate. |t has been shown that nul ate dehydrogenase com-
plexes with fumarase and this will bind to either citrate
synthetase or aspartate aminotransferase (Backmann and
Johnsson, 1976; Bryce et al., 1976; Helper and Srere, 1977,
Beeckmans and Kanarek, 1981). Though the precise conditions
which influence this binding are not known, it is possible
that ammonia mght alter this phenomenon, so that oxal oace-

tate is channelled into citric acid cycle.

It is interesting to observe that the activities of
citric acid cycle enzymes (except mmlate dehydrogenase) are
enhanced in the cytosol in hyperammonemic states. The magni -
tude of increase cannot be accounted by the sinple stinula-
tion of the activities of the preexisting enzynes. This is
quite evident in the case of succinate dehydrogenase which
was stinmulated by 8 fold in the cytosol in acute hyperamone-
mc states. |If this were to be true, then the enhancement in
the activities of citric acid cycle enzynes could be due to
any one or nore of the following reasons: (1) altered buoyant
densities of mitochondria (due to swelling) which prevents it
in sedimenting at the centrifugal forces used in the present
study (2) fragmentation of mitochondria into small vesicles

whi ch sedinent at higher centrifugal forces (3) rupture of
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smal | popul ati on ofmitochondria which are vulnerable to in-
creased concentrations of ammonium ions. On rupturing the
contents of these mitochondria including citric acid cycle
enzymes are liberated into the cytosol and this change should
take place in in situ condition. There are evidences for the
last suggestion where in mitochondrial sensitivity to
ammonium ions has been denpnstrated (Drewes and Leino, 1980).
The physiological role of the enzymes released into the
cytosol in this fashion is difficult to assess as the co-
factors required for these enzynes will be diluted in the
cytosol and may not be available for the enzymes. Further,
there would be alterations in the environment, in the cyto-
sol, especially for enzynmes like succinate dehydrogenase

whi ch require phospholipids and hydrophobic environment for

its activity (Singer, 1972; Viveksagar, 1984).

The results obtained with the activities of the enzymes
of citric acid cycle and of metabolites of this cycle sugges-
ted that there might be no conproinization in the operation of
citric acid cycle in hyperammonemic states. Though this is
not in agreenent with the hypothesis of Bessman and Beaaman

(1955), it concurs with the results of several investigators.
STUDI ES ON MALATE-ASPARTATE SHUTTLE

Due to the equivocal results obtained upon the verifi-
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cation of Besaman'as hypothesis on the mechaniasm of ammonia
toxicity it was suggested that the transport of reducing

equi val ents across the mitochondrial membranes may be affec-
ted in hyperammonemic states (Hindfelt, 1975, Duffy and Plum,
1982). It was proposed that major pathway for ammonia detoxi-
fication in brain is by way of glutamine production and this
process is stinulated in hyperammonemic states due to the
increased availability of ammnium ions. As glutamine synthe-
sis occurs in cytosol, enhanced glutam ne formation in
hyperamoneni ¢ states was thought to deplete cytosolic gluta-
mate and nmake this amino acid unavailable for malate-aspar-
tate shuttle. As a result, the shuttle activity decreases and
this keeps the cytosol in a nore reduced state. This would
affect glyceraldehyde-3-phosphate dehydrogenase activity as
the regeneration of NAD will be adversely influenced under
these conditions. This was supported by the reported el eva-
tion in the levels of malate (H ndfelt and Sieajo, 1970),
increased lactate/pyruvate ratios (Hawkins et al., 1973;
Adans et al., 1979; Raabe and Lin, 1984; Mans et al., 1984)
and a fall in the levels of glutamate and aspartate
(Hindfelt, 1975; Hindfelt et al., 1977; Tyce et al., 1981,
0’Conner et al., 1982; Lin and Raabe, 1985; Lai et al., 1989)
in the extracts of various brain preparations from different
ani mal models of hyperammonemia. However, there are no re-

ports on the cytosolic and mtochondrial |evels of these



intermediates Or on the enzymes of malate-aspartate shuttle

in hyperammonemic states. Hence a study was conducted al ong

these lines.
METABOLITES OF MALATE-ASPARTATE SHUTTLE

The increase in the levels or malate and 2-oxogluta-
rate in the subcellular fractions (after incubation with
glucose) isolated from hyperammonemic rat brain have already
been described (Tables 4.18 and 4.19). |In the subcellular
frctions from subacute hyperammonewic States, there were no
statistically signifiant differences in the contents of glu-
tamate and aspartate (Tables 4.35 and 4.36). However, in the
acute states, there was a fall in the contents of these two
amino acids in the cytosol. Under these conditions, there was
a significant decrease only in the content of aspartate but

not glutamate in the mtochondria (Tables 4.35 and 4. 36).

The results obtained for the changes in the cytosolic
and mitochondrial malate and 2-oxoglutarate |evels have
al ready been discuased (Tables 4.18 and 4.19). Fall in the
glutamate content in the cytosol may be due to its increased
utilization for the synthesis of glutamine in hyperammonemic

states or due to decreased synthesis by cytosolic aapartate

aminotransferase (aspartate + 2-oxoglutarate > glutamate +
oxal oacetate). 1t may also be due to the increased transport

of glutanmate into mitochondria under these conditions. The
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last possibility may be ruled out as the cytosol has minimal
contamination of mtochondria even under hyperammonemic
states. Lack of changes in the mitochondrial glutamate con-
tent is understandable as this subcellular compartment is not
involved in glutamine synthesis and it may also be due to the
suppression of glutamate dehydrogenase activity in the direc-
tion of either glutamate formation or utilization (Yu et al. ,
1982; Subbalakshmi and Murthy, 1983, 1984, 19a5; Murthy et
al, 198v; Lai et al., 1989). Fall in mitochondrial aspartate
content may be due to reduced rates of synthesis or increased
rates of utilization and transport. The latter two possibili-
ties nay be ruled out as aspartate is utilized only in very
few reactions and sone of them nay not even present in brain
or in the mitochondria (eg. urea synthesis and purine

necl eotide cycle respectively). Increased transport of aspar-
tate may also be ruled out as the whole of incubation mxture
(mitochondria + nedium were analyzed for aspartate content.
Hence if transported, it should have been present in the

medi um

According to the proposal of malate-aspartate shuttle,
mtochondria are the sites of aspartate formation. Hence, if
aspartate formation in the mitochondria is decreased (aa in
hyperanmmonenic states), its transport into the cytosol (in

exchange for glutamate) would also decrease. This would re-
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sult in the decreased availability of aspartate for the
cytosolic aspartate aminotransferase and thus oxal oacetate
production in the cytoaol would be adversely affected. This
woul d affect the conversion of oxal oacetate to malate, thus
NADH to NAD, in the cytoaol. Thi3 results in the increase in
reduced conditions in the cytosol. However, suppressed produ-
ction of aspartate in the mitochondria iS physiologically
beneficial as it spares oxal oacetate required for citric acid
cycle. Earlier invest 1gators attributed the increase in |ac-
tate/pyruvate ratio in hyperammonemic states to the increasd
NADH | evels in the cytosol. However, in the present investi-
gation, there was no such increase in lactate/pyruvate ratio
and infact a decrease was noticed in |actate dehydrogenase
activity and in lactate content (Tables 4.15 and 4. 26).
Though this is physiologically beneficial, as it sparea pyru-
vate for citric acid cycle, it would increase the NADH con-
tent in the cytosol (thus glycolysis). It was shown that
suppressi on of malate-aspartate shuttle would also suppress
the oxidation of glucose and also of pyruvate in brain
(Fitzpatrick et al., 1983; Murthy and Hertz, 1988). Results
obtai ned presently on *4CO0s production fromglucose in these
two fractions is not in agreenent with this concept. This is
possible only if other shuttles for the transport of reducing
equi val ents (such aa glycerol phosphate -dihydroxyacetone

phosphate shuttle) are activated under these conditions.
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As a suppliment to the nmetabolite levels presently
anal yzed activities of enzymes of malate-aspartate shuttle
were also determned in the cytosol and mitochondria in
hyperammonemic states. Administration of either subacute or
acute dose of ammonium acetate resulted in the suppression of
malate dehydrogenase activity (neasured in the direction u:
oxal oacetate formation) both in mitochondrial and cytosolic
fractions and the magnitude of this change was simlar in
both the experimental conditions (Table 4.33). However, when
the activity of this enzyme was neasured in the reverse
direction, the mitochondrial activity showed no significant
changes either in acute or subacute hyperammonemiC States
while it was elevated in the cytosolic fraction in both the
experinental states (Table 4.34). Activities of aspartate
aminotransferase in the cytosol and mtochondria were found
to decrease upon the adminiastration of either aubacute or

acute dose of ammonium acetate (Table 4.37).

Changes observed in the nalate dehydrogenase activity
in the cytosol and mitochondria in hyperammonem c states have
al ready been discussed. Suppression in the mitochondrial
aspartate aminotransferase actvity in both acute and subacute
states agreed well with the reduced aspartate content and
unaltered glutamate levels in the mitochondrial fraction

under these conditions. Suppression of cytosolic aspartate



aminotransferase concured with the decreased cytosolic gluta-
mate levels but not with the aspartate levels in this frac-

tion. Thus, the results on malate aspartate shuttle suggests
that there might be disturbances in the operation of malate-

aspartate shuttle in brain in hyperammonemic states.

The results of this studies on subcellular fractions in

hyperammonemic states may be summerized as follows:

(1) There is an elevation in the processsing of glucose in

glycolytic pathway.

(2) The utilization of pyruvate in citric acid cycle mght
al so be enhanced under these condition. The oxal oacetate
required for citric acid cycle mght be generated from
residual mal ate dehydrogenase activity and aupplimented by
the anaplerotic reaction where in oxal oacetate is gene-
rated from either phoaphoenolpyruvate or pyruvate by way

of coe fixation.

(3) The operation of malate-aspartate shuttle may be altered
due to increased glutamine formation. Alternate shuttles

may be stinulated under these conditions.
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TABLE 4.1

ACTIVITY LEVELS OF MARKER ENZYMES | N MITOCHONDRIAL AND CYTOSCLIC
FRACTIONS«#CEREBRAL CORTEX OF NORVAL AND HYPERAMMONEM C RATS

ENZYME M TOCHONDRI A CYTOSOL
SDH N 2.8+0.2 0.040+0.003
SA 4.9+0.4 0.197 +0. 015
p<0. 005 +76* p<0.001 +393%
A 5.56+0. 71 0. 330+0. 009
p<0.001 +99% p<0.001 +725%
LDH N 79+3 385+72
(P->L)
SA 24+3 295+15
p<0.001 -70* p<0.001 -23*
A 34+7 145+29
p<0.001 -57% p<0. 001 -62%
LDH N 23+4 38+4
(L->P)
SA 2 4 +2 6 9 + 5
N. S. +4* p<0.001 +82*
A 22+3 48+12
N. S. - 4% N. S. -26%
SDH : auccinate dehydrogenase, activity is expressed as pol es
of succinate oOxidized/rag protein/hr.LDH : |actate dehydrogenas<
pyruvate > lactate, activity is expressed as umoles of NADH

oxidized/mg protein/hr; lactate > pyruvate, activity is
expressed as umolea of NAD reduced/mg protein/hr. Nunber of
experiments are 5. Values are Mean + S.D.
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TABLE 4.2

RELATI VE PERCENTAGES OF MARKER ENZYMES | N M TOCHONDRI AL AND
CYTOSOLI C FRACTI ONS OF CEREBRAL CORTEX OF NORMAL AND
HYPERAMMONEM C RATS

ENZYME MITOCHONDRIA CYTOSCL
SDH N 100+0 1.58+0.26
SA 100+0 4.10+0. 76
p<0. 001
A 100+0 6.00+1.1
p<0. 001
LDH N 21+2.0 100+0
(P->L)
SA 8.2+1.1 100+0
p<0. 001
A 23.9+4.0 10040
N. S.
LDH N 63+15 10040
(L->P)
SA 35+6 100+0
p<0. 005
A 47+11 100+0
N. S.

Legned same aa in Table 4.1
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TABLE 4.3
14¢o, proDUCTI ON FROM  [U-14CIGLUCOSE IN MITOCHONDRIAL AND

CYTOSOLI C FRACTI ONS OF CEREBRAL CORTEX OF NORMAL RAT BRAIN

FRACTI ON nMOLES OF %co, PRODUCED
M TOCHONDRI A 1.9940.12 (5)
CYTOSOL 0.4310.05 (5)

Activity units:nmoles of CO, produced/mg protein/hr. Nunber in
parenthesis indicates number Of experiments. Each value is
mean+S,.D.
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TABLE 4.4

DI STRI BUTI ON OF THE | NTERVMEDI ATES OF GLYCOLYTI C PATHWAY IN
MITOCHONDRIAL AND CYTOSOLI C FRACTI ONS OF RAT CEREBRAL CORTEX

METABOLITE M TOCHONDRI A CYTOSOL
G-6-P 7.90+1.0 90.0+11.0
F-6-P 0.40+0.05 4.9+40.6
PEP 0.1340.03 1.5+0.2
PYR 11.0040.9 25.0+1.8
LACT 46.00+10.0 230.0+36.0

G 6-P: glucose-6-phosphate; F-6-P. fructose-é-phosphate;
PEP: phoaphoenol pyruvate; PYR pyruvate; LACT: |actate.

Unite: nmoles/mg protein. Nunber of experimente are four. Each
value is nean + S.D.
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TABLE 4.5

DI STRI BUTI ON OF GLYCOLYTIC ENZYMES | N MITOCHONDRIAL AND
CYTOSOLI C FRACTI ONS OF RAT CEREBRAL CORTEX

ENZYME M TOCHONDRI A CYTOSCOL

HK 2.21 + 0.54 11+1 a
PFK 0.3+ 0.04 2.64 + 0.32 a
ALASE 1.9+0.25 6.9+0.3 a
GLPDH 2.2+40. 16 9.15+1.04 a
ENASE 3.15+40.35 19.9+1.04 a
PK 4.8+0.9 3342 a
LDH (P-->L) 79+3 385+72 a
LDH (L-->P) 23+4 38+4 a

HK: hexokinase; PFK: phosphofructokinase; ALASE: al dol ase; GLPDH:
glyceraldehyde-3-phosphate dehydrogenase; ENASE: enol ase; PK:
pyruvate kinase; LDH |actate dehydrogenase. Activity units for
HK were upmoles of NADP'reduced/mg protein/hr; for GLPDH and LDH
(L->P) mmoles of NAD reduced/na protein/hr; for others umoles of
NADH oxidized/mg protein/hr. Each value is nean + S.D. Nunber of
experiments are five. Only those values which are significantly
different (p<0.05) frommtochondria are indicated with a letter
*a’.
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TABLE 4.6

DI STRI BUTI ON OF Tu#E | NTERMVEDI ATES OF CI TRIC ACID CYCLE IN
MITOCHONDRIAL AND CYTOSOLI C FRACTI ONS OF RAT CEREBRAL CORTEX

INTERMEDIATE MITOCHONDR i A CYTOSOL
aT 35.00+2.8 ND
Isocl T 25.00+3.0 ND
2-0G 25.00+2.0 8.0+0.7
MAL 37.00+3.0 42.0+2.5

CIT: citrate; ISOCIT: iaocitrate; 2-0J: 2-oxoglutarate; MAL:

malate. Units: nmoles/mg protein. Number of experiments are four.
Each value is nean + S.D.
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TABLE 4.7

DI STRI BUTI ON OF PYRUVATE DEHYDROGENASE AND CI TRIC ACID CYCLE
ENZYMES | N MITOCHONDRIAL AND CYTOSOLI C FRACTI ONS OF
CEREBRAL CORTEX OF RAT BRAIN

ENZYME M TOCHONDRI A CYTOSOL

PDH 9. 6610. 52 1.036+0.18 a
cs 65+8 0.8+0.05 a
| CDH 35. 8+4 1.5+0.47 a
2-0GDH 2213.7 3.6+0.54 a
SDH 2.8+0.43 0.04+0.002 a
MDH (M >0) 536 + 41 392466 a
MDH (0->M) 472+43 576+68 a

PDH: pyruvate dehydrogenase; CS: citrate synthetase; ICDH: iao-
citrate dehydrogenase; 2-OGDH: 2-oxoglutarate dehydrogenase; SDH:
succinate dehydrogenase; MDH: malate dehydrogenase. Activity was
expressed for PDH, |ICDH, 2-O0GDH and MDH (M >0) as umoles of NAD
reduced/mg protein/hr and for CS ae pmoles of DINB reduced/mg
protein/hr and for SDH as unples of succinate oxidized/mg pro-
tein/hr and for MDH (0->H) as umoles of NADH oxidized/mg pro-
tein/hr. Number of experimenta are five. Each value is nean #
S.D. Only those values which are significantly different

(p<0.05) frommtochondria are indicated with a letter 'a*.
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TABLE 4.6

DI STRI BUTI ON OF THE | NTERMEDI ATES OF BORST CYCLE IN
M TOCHONDRI AL AND CYTOSOLI C FRACTI ONS OF RAT CEREBRAL CORTEX

| NTERVEDI ATE M TOCHONDRI A CYTOSOL
2-0G 25.00+2.0 8.0+0.7
MAL 37.0043.0 42.0+2.5
ASP 65.00+7.0 72.017.0
GLU 180.0+20.0 250. 0130.0

2-0G: 2-oxoglutarate; MAL: malate; ASP: aapartate; GLU glutamate
Units:nmolea/mg protein.Number of experinments are four. Each
value ia mean * S.D.

TABLE 4.9

DI STRI BUTI ON OF BORST CYCLE ENZYMES | N MITOCHONDRIAL AND
CYTOSOLI C FRAC110NS OF CEREBRAL CORTEX | N RAT BRAIN

ENZYME M TOCHONDRI A CYTOSOL
MDH (M >0) 536+41 392466 a
MDH (0->M 472443 576+68 a
AAT 150115 129+13

MDH: nml ate dehydrogenase; AAT: aapartate aminotransferase.
Activity was expressed for MDH (M >0) as unples of NAD reduced/mg
protein/hr and for other enzymes as unples of NADH oxidized/mg
protein/hr. Number of experiments are five. Each value is mean %
S.D. Only those values which are significantly different (p<0.05)
frommtochondria are indicated with a letter 'a'.
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14c0, PRODUCTION FROM [ U - '#C] GLUCOSE IN M TOCHONDRI AL AND

TABLE 4.10

CYTOSOLI C FRACTI ONS OF NORVAL AND HYPERAMVONEM C RAT BRAI NS

FRACTI ON M TOCHONDRI A CYTOSOL
NORMAL 1. 99+0. 12 0. 43+0. 05
SUBACUTE 2.67+0. 26 0. 49+0. 045
p<0. 005 +34% NS +14%
ACUTE 2.7040.19 0. 61i 0. 037
p<0.001 +36% p<0.001 +424
1mM 1.93+0. 3 0. 49+0. 02
NS -3% NS +143%
5mM 2.30+0. 15 0. 50+0. 03
p<0.01 +164 NS +16*

Units:nmoles oOf

Number of experiments are 4.

CO, produced/mg protein/hr.
Each val ue is Mean+S. D.
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TABLE 4.11

LEVELS OF GLUCOSE-6-PHOSPHATE | N MITOCHONDRIAL AND CYTOSOLIC
FRACTIONS OF CEREBRAL CORTEX | N NORMAL AND

HYPERAMMONEM C RAT BRAI NS

STATE
NORMAL

SUBACUTE

ACUTE

1mM

5mv

M TOCHONDRI A
7.9011.0

9.90 +0. 80
p<0.025 +25%

10. 6+0. 90
p<0.01 +34%

7.90+1. 30
NC

9. 70+0. 70
p<0.05 +23%

CYTOSOL
90.0+11.0

118.0+9.0
p<0.01 +31%

139.0+7.0
p<0. 001 +54%

102. 0+10.0
NS +13%

116. 0+8. 0
p<0.01 +29%

Units: nmoles/mg protein. Number of experiments are 4.

is Mean+S. D.

TABLE 4.12

LEVELS OF FRUCTOSE-6-PHOSPHATE |IN M TOCHONDRI AL AND CYTQOSOLI C
FRACTI ONS OF CEREBRAL CORTEX | N NORMAL AND

HYPERAMMONEM C RAT BRAI NS

STATE
NORMAL
SUBACUTE

ACUTE

1mM

S5ml1

M TOCHONDRI A
0. 40+0. 05

0. 57+0. 04
p<0.02 +25%

0. 6+0. 02
p<0.001 +50%

0. 5+0. 03
p<0.02 +25%

0.57+0. 04
p<0. 005 +43%

CYTOSOL
4., 940 . 6

5.7+0.5
NS +16%

6.5+0.7
p<0.02 +33%

5.6+0.5
NS +14%

6.3+40.7
p<0. 025 +28%

Legend same aa in Table 4.11.
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TABLE 4.13

LEVELS OF PHOSPHOENOLPYRUVATE | N M TOCHONDRI AL AND CYTOSOLI C
FRACTI ONS OF CEREBRAL CORTEX | N NORMAL AND
HYPERAMMONEMIC RAT BRAINS

STATE M TOCHONDRI A CYTOSOL
NORMAL 0.13+0.03 1.540.2
SUBACUTE 0.17+0. 017 1.97+0.2

NS +314 p<0.02 +31%
ACUTE 0.26 +0. 025 2.6+40.17

p<0-001 +100% p<0.001 +73%
1mM 0. 16+0. 016 1.8+0. 17

NS +234 NS +20%
5mM 0.23+0.02 2.2+0.27

p<0.001 +77% p<0.01 +474

Legend sane as in Table 4.11.

TABLE 4.14

LEVELS OF PYRUVATE |N M TOCHONDRI AL AND CYTOSOLI C FRACTI ONS OF
CEREBRAL CORTEX | N NORMAL AND HYPERAMMONEM C RAT BRAI NS

STATE M TOCHONDRI A CYTOSOL
NORMAL 11.0+0.9 25.0+1.8
SUBACUTE 10.5+0.8 27.5+1.8

NS -5% NS +10%
ACUTE 12.2+1.2 34.0+2.7

NS +114 p<0. 005 +36%
1mM 11.5+1.0 27.0+2.0

NS +44 NS +8%
5mM 12.0+1.0 32.0+2.0

NS +94 p<0. 005 +28%

Legend sanme as in Table 4.11.
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TABLE 4.15

LEVELS OF LACTATE IN M TOCHONDRI AL AND CYTOSOLI C FRACTI ONS OF
CEREBRAL CORTEX I N NORVAL AND HYPERAMMONEMIC RAT BRAINS

STATE M TOCHONDRI A CYTOSOL
NORMAL 46.0+10.0 230. 0+36. 0
SUBACUTE 28.0+3.0 187.5+19.0
p<0.02 -39% NS -18%
ACUTE 32.0+3.0 150. 0+25. 0
p<0.05 -30% p<0.02 -35%
1mM 28.5+2. 0 190. 0+22. 0
p<0.0z  -38 NS -17%
5miM 26. 0+4. 60 180. 0+18. 0
p<0.02 -43% p<0.05 -22%

Legend same as in Table 4.11.

TABLE 4.16

LEVELS OF CI TRATE IN M TOCHONDRI AL AND CYTOSCOLI C FRACTI ONS OF
CEREBRAL CORTEX | N NORVAL AND HYPERAMVONEM C RAT BRAI NS

STATE M TOCHONDRI A CYTOSOL
NORMAL 35.0+2.8 ND
SUBACUTE 34.0+6.0 ND
NS -3%
ACUTE 37.1+3.2 2.5+0.2
NS +6%
1mM 36.0+4.0 ND
NS +3%
5mM 34.8+3.0 2.0+0.1
NC

Legend sane aa in Table 4.11.
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TABLE 4.17

LEVELS OF |SCOCI TRATE IN M TOCHONDRI AL AND CYTOSOLI C FRACTI ONS OF
CEREBRAL CORTEX I N NORVAL AND HYPERAMMONEM C RAT BRAI NS

STATE M TOCHONDRI A CYTOSOL

NORMAL 25.0+3.0 ND

SUBACUTE 27.5+2.0 ND
NS +10%

ACUTE 32.0+3.1 3.6+0. 3
p<0.02 +28*

1mM 26.0+42. 5 ND
NS +4*

5aM 30.0+1. 5 3.4+0.2

p<0. 025 +20*

Legend sane as in Table 4.11.

" TABLE 4.18

LEVELS OF 2-OXOGLUTARATE IN M TOCHONDRI AL AND CYTOSOLI C FRACTI ONS OF
CEREBRAL CORTEX | N NORVAL AND HYPERAMMONEMIC RAT BRAI NS

STATE M TOCHONDRI A CYTOSOL
NORMAL 25.0+2.0 8. 0+0 . 7
SUBACUTE 30. 0+3. 3 10.0+1.0

p<0. 05 +20* p<0.02 +25%
ACUTE 38.0+4.0 15. 0+1. 2

p<0. 001 +52% p<0. 001 +88%
1mM 28.0+2.0 9.0+0.8

NS +12% NS +13%
5mM 35.0+3.0 14.0+1.0

p<0. 005 ~+ 40% p<0. 001 +75*

Legend same as in Table 4.11.
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TABLE 4.19

LEVELS OF MALATE I N MI1GCHONDRIAL AND CYTOSCOLI C FRACTI ONS OF
CEREBRAL CORTEX | N NORMAL AND HYPERAMMONEM C RAT BRAI NS

STATE M TOCHONDRI A CYTOSOL
NORMAL 37.0+3.0 42.0+2.5
SUBACUTE 41.0+4.0 48.0+3.0

us +11% p<0.025 +14%
ACUTE 48.0+5.0 58.0+6.0

p<0.01 +30% p<0. 005 +38%
1mM 39.0+4.0 45.0+4.0

NS +5% NS +7%
5mM 45.0+5.0 52.0+6.0

p<0.05 +22%

p<0.025 +24%

Legend sane aa in Table 4.11.
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TABLE 4.20

M TOCHONDRI AL AND CYTOSCOLI C HEXOKINASE ACTIVIIES | N CEREBRAL
CORTEX OF NORMAL AND HYPERAMMONEM C RAT BRAI NS

FRACTI ON NORVAL SUBACUTE ACUTE
M TOCHONDRI A 2.21+0.54 3.02+0.48 2.98+0. 37
p<0.05 +37* p<0.05 +35*
CYTOSOL 11. 0+1.0 9.8+1.3 11.9+0.9
NS -11* NS +8*

Activity units: pmolea of NADP reduced/nig protein/hr. Number of
experinents are five. Each value is nmean + S.D.

TABLE 4.21

M TOCHONDRI AL AND CYTOSOLI C PHOSPHOFRUCTOKINASE ACTIVITIES IN
CEREBRAL CORTEX OF NORVAL AND HYPERAMMONEM C RAT BRAI NS

FRACTI ON NORMAL SUBACUTE ACUTE
M TOCHONDRI A 0. 3+0. 03 0. 34+0. 04 0. 39+0. 04

NS +13% P<0. 005 +30*
CYTOSOL 2.64+0. 32 3.94+0. 4 4.98+0. 8

P<0. 001 +49% P<0. 001 +89*

Activity units: umoles of NADH oxidized/mg protein/hr. Number of
experinents are five. Each value is mean + S.D.

TABLE 4.22

M TOCHONDRI AL AND CYTOSCLI C ALDOLASE ACTIVITIES IN
CEREBRAL CORTEX OF NORMAL AND HYPERAMMONEM C RAT BRAI NS

FRACTI ON NORVAL SUBACUTE ACUTE

M TOCHONDRI A 1.9+0. 25 2.7+0. 37 2.8+0. 38
P<0. 005 +42* P<0. 005 +49*

CYTOSOL 6.92+0. 3 10.6+1.1 14.3+0. 6
P<0. 001 +53* P<0. 001 +107*

Activity unite:umolea of NADH oxidi zed/ ng protein/hr. Number of
experinents are five. Each value ie mean + S.D.



TABLE 4.23

M TOCHONDRI AL AND CYTOSOLI C GLYCERALDEHYDE-3-PHOSPHATE
DEHYDROGENASE ACTI VI TIES | N CEREBRAL CORTEX OF NORVAL AND
HYPERAMMONEM C RAT BRAI NS

FRACTI ON NORMAL SUBACUTE ACUTE
M TOCHONDRI A 2.22+0. 16 3.08+0.26 2.98+0. 32
p<0.001 +39%  p<0.005 +34*
CYTOSOL 9.15+0.33 9.42+0.74 10.2+0.8
NS +3% p<0.05 +11%

Activity unite: umoles of NAD reduced/mg protein/hr. Nunmber of
experiments are five. Each value is nmean + S. D

TABLE 4.24

M TOCHONDRI AL AND CYTOSOLI C ENOLASE ACTIVITIES IN
CEREBRAL CORTEX OF NORVAL AND HYPERAMMONEM C RAT BRAI NS

FRACTI ON NORVAL SUBACUTE ACUTE.
M TOCHONDRI A 3.15+0. 35 32.144+0.35 4.29+0. 35

NS +9* p<0. 001 +36%
CYTOSOL 19.9+1. 03 26. 4+1. 46 35.9+1. 06

p<0. 001 +33% p<0. 001 +80%

Activity units: umoles of NADH oxidized/ ng protein/hr. Nunber of
experiments are five. Each value is mean + S. D

TABLE 4.25

M TOCHONDRI AL AND CYTOSOLI C PYRUVATE KINASE ACTIVITIES IN
CEREBRAL CORTEX OF NORMAL AND HYPERAMVONEM C RAT BRAI NS

FRACTI ON NORMAL SUBACUTE ACUTE
M TOCHONDRI A 4.8+0.9 5.5+0.8 6.3+0. 6

NS +15%  p<0.02 +31%
CYTOSOL 33+2 39+2 46+2

p<0. 005 +18* p<0. 001 +40*

Activity units: unples of NADH oxidized/mg protein/hr. Number of
experinents are five. Each value ia nmean + S.D.
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TABLE 4.26

M TOCHONDRI AL AND CYTOSOLI C LACTATE DEHYDROGENASE
(PYRUVATE - - >LACTATE) ACTIVITIES |IN CEREBRAL CORTEX OF NORVAL AND
HYPERAMMONEM C RAT BRAI NS

FRACTI ON NORMAL SUBACUTE ACUTE

M TOCHONDRI A 79+3 24+3 34+7
p<0.001 -70% p<0.001 -57%

CYTOSOL 385+72 295+15 145+29
p<0.05 -23% p<0.001 -62%

Activity units: umoles of NADH oxidized/mg protein/hr. Nunber of
experinments are five. Each value is mean + S. D

TABLE 4.27

M TOCHONDRI AL AND CYTOSCOLI C LACTATE DEHYDROGENASE
C'LACT ATE~--SPYRWATE) ACTI VI TIES I N CEREBRAL CORTEX OF NORVAL AND
HYPERAMMONEM C RAT BRAI NS

FRACTI ON NORVAL SUBACUTE ACUTE
M TOCHONDRI A 23+4 24+1.5 22+3

NS 4% NS -4%
CYTOSOL 38+4 69 +5 52+6

p<0.001 +82% p<0.001 +37%

Activity unite: pmoles of NAD reduced/mg protein/hr. Number of
experinents are five. Each value is nean + S.D.

TABLE 4.28

M TOCHONDRI AL AND CYTOSOLI C ACTI VI TIES OF PYRUVATE DEHYDROGENASE
IN CEREBRAL CORTEX OF NORVAL AND HYPERAMMONEM C RAT BRAI NS

FRACTI ON NORVAL SUBACUTE ACUTE
M TOCHONDRI A 9. 66+0. 52 11+1. 1 15. 2+0. 37
p<0.05 +14% p<0.02 +57%
4
CYTOSOL 1. 036+0. 18 3.46+0.5 7.2+0.52

p<0.001 +234% p<0.001 +595%

Activity units: umoles of NAD reduced/ng protein/hr. Each value
is mean + S.D. Nunmber of experiments are five.
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TABLE 4.29

M TOCHONDRI AL AND CYTOSOLIC ACTI VI TIES OF Cl TRATE SYNTHETASE
I N CEREBRAL CORTEX OF NORVAL AND HYPERAMMONEM C RAT BRAI NS

FRACTI ON NORNMAL SUBACUTE ACUTE
M TOCHONDRI A 65+8 67+12 62+11

NS + 3% NS - 5%
CYTOSCL 0. 8+0. 05 1.5+0. 4 1.8+0.2

p<0.001 +88%

p<0.001 +125%

Activity units:
experiments are five.

TABLE 4.30

pinoles of DINB reduced/mg protein/hr.
Each value is nmean + S.D.

Number of

M TOCHONDRI AL AND CYTOSOLI C ACTIVITIES OF

| SOCI TRATE DEHYDROGENASE

I'N CEREBRAL CORTEX COF NORMAL AND HYPERAMMONEM C RAT BRAI NS

FRACTI ON NORMAL SUBACUTE ACUTE
M TOCHONDRI A 35.8+4 39.5+1.3 43. 5+

NS +10* p<0.05 +20*
CYTCOSOL 1.5+0. 47 2.2+0.32 2.9+0. 49

p<0. 025 +47% p<0.005 +93%
Activity units: umoles of Number of

experiments are five. Each value is meant+ S

TABLE 4.31

NAD reduced/ ma pr otDel n/ hr.

M TOCHONDRI AL AND CYTOSOLI C ACTI VI TIES OF 2-0XOGLUTARATE
DEHYDROGENASE | N CEREBRAL CORTEX OF NORMAL AND

HYPERAMMONEM C RAT BRAI NS

FRACTI ON NORMAL SUBACUTE ACUTE
M TOCHONDRI A 22+3.7 32+3. 7 26+3.9

p<0. 005 +45'; NS +18%
CYTOSOL 3.6+0. 54 5. 5+0. 55 11.4+42.2

p<0. 001 +54%

p<0. 001 +220%

+
Activity units:

experinents are five. Each value ie nmean *
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TABLE 4.32

MITOCHONDRIAL AND CYTOSOLIC ACTIVITIES OF SUCCI NATE DEHYDROGENASE
I'N CEREBRAL CORTEX OF NORVAL AND HYPERAMMONEMIC RAT BRAI NS

FRACTI ON NORVAL SUBACUTE ACUTE

M TOCHONDRI A 2.8+0. 43 4.94+0. 9 5.56+0. 7
p<0.005 +76%.  p<0.001 +99%

CYTOSOL 0. 04+0. 002 0.197+0.018 0. 33+0. 042
p<0.001 +393% p<0.001 + 725%

Activity units: pmoles Of succinate oOxidized/rag protein/hr. Number
of experiments are five. Each value ia mean + S.D.

TABLE 4.33

MITOCHONDRIAL AND CYTOSOLIC ACTIVITIES OF MALATE DEHYDROGENASE
(MALATE --> OXALOACETATE) |N CEREBRAL CORTEX OF NORMAL AND
HYPERAMMONEM C RAT BRAI NS

FRACTI ON NORVAL SUBACUTE ACUTE

M TOCHONDRI A 536+41 365+15 341+24
p<0. 001 -32% p<0. 001 -36%

CYTOSOL 392+66 240+22 228+24
p<0.005 -39%  p<0.001 -42%

-
Activity units: umoles of NAD reduced/ ma protein/hr. Nunber of
experinents are five. Each value is mean + S.D.

TABLE 4.34

M TOCHONDRI AL AND CYTOSOLI C ACTIVITIES OF MALATE DEHYDROGENASE
( OXALOACETATE --> MALATE) | N CEREBRAL CORTEX OF NORVAL AND
HYPERAMMONEM C RAT BRAI NS

FRACTI ON NORMAL SUBACUTE ACUTE
M TOCHONDRI A 472+43 464+38 508+8

NS -2% NS +8%
CYTOSOL 576+68 755+69 719+27

p<0.005 +31% p<0.005 +25%

Activity units: umolea of NADH oxidized/ing protein/hr. Number of
experinents are five. Each value is nean + S.D.
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TABLE 4.35

LEVELS OF GLUTAMATE |N M TOCHONDRI AL AND CYTOSOLI C FRACTI ONS OF
CEREBRAL CORTEX | N NORMAL AND HYPERAMMONEM C RAT BRAI NS

STATE M TOCHONDRI A CYTOSOL
NORMAL 180.0+20 250. 000
SUBACUTE 160. 0+17 220. 0+30

NS -11* NS . -12%
ACUTE 164. 0+19 200. 0+20

NS -94 p<0.05 -20%
[ M 170. 0+15 220. 0+30

NS - 64 NS -12%
5mM 160. 0+18 190. 0+20

NS -11% p<0.02 -244

Units: nmoles/mg protein. Number Of experiments are 4. Each val ue

is Mean+S. D.

TABLE 4.36

LEVELS OF ASPARTATE IN THE MTTOCHONDRIAL AND CYTOSCOLI C FRACTI ONS
OF CEREBRAL CORTEX I N NORMAL AND HYPERAMMONEM C RAT BRAI NS

STATE M TOCHONDRI A CYTOSOL
NORMAL 65.0+7.0 72.0+7.0
SUBACUTE 60.0+4.0 62.0+5.0

NS -r% NS -144
ACUTE 51.0+5.0 55.0+4.0

p<0.02 -22% p<0.01 -244
1mM 60. 0+6. 0 68.0+5.0

NS -84 NS -64
5mM 53.0+4.0 54.044.0

p<0.025 -184

p<0. 005 - 254

Units: nmoles/mg protein. Number Of experinents are 4. Each val ue

ia Mean+S.D.
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TABLE 4.37

MITOCHONDRIAL AND CYTOSCLI C ACTI VI TIES OF ASPARTATE
AM NOTRANSFERASE | N CEREBRAL CORTEX COF NORMAL AND
HYPERAMMONEMIC RAT BRAI NS

FRACTI ON NORNMAL SUBACUTE ACUTE

M TOCHONDRI A 150+15 99+7. 6 82+9
p<0.001 -34*  p<0.001 -45%

CYTOSOL 129+13 68+7. 6 71+6
p<0.001 -47% p<0.001 -45%

Activity units: pmoles of NADH oxidized/ ne protein/hr. Number
experinments are five. Each value is nean + S.D

of



TABLE 4.38

DI STRI BUTI ON OF ATP & ADP I N ttl TOCHONDRI AL AND CYTGOSOLI C
FRACTI ONS OF RAT CEREBRAL CORTEX

| NTERMEDI ATE M TOCHONDRI A CYTOSCL
ATP 45.00+5 - 28.0+1.5
ADP 34.00+2. 8 18.0+0.9

ATP: adenosine 5'triphosphate; ADP: adenosine 5  diphosphate.
Nurmber of experimente are four. Each value is nean + S.D.
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TABLE 4.39

LEVELS OF ATP IN MITOCHONDRIAL AND CYTOSOLI C FRACTI ONS OF
CEREBRAL CORTEX | N NORMAL AND HYPERAMMONEM C RAT BRAI NS

STATE

MITOCHONDRIA CYTOSOL
NORNMAL 45.0+5.0 28.0+1.5
SUBACUTE 47.7+4. 8 29.4+1.6

NS + 6 + 5 %
ACUTE 49.1+5.0 30.2+42.1

NS + 94 NS +8%
1mM 43.7+4.0 27.4+41.4

NS -3% NS -2 %
5nM 48.6+5.0 28.4+1.3

NS +8% NS +34

Units: nmoles/mg protein. Number of experiments are 4. Each val ue
is Mean+S.D.

TABLE 4.40

LEVELS OF ADP | N MITOCHONDRIAL AND CYTOSOLI C FRACTI ONS OF
CEREBRAL CORTEX I N NOiMAL AND HYPERAMMONEMIC RAT BRAI NS

STATE M TOCHONDRI A CYTOSOL
NORMAL 34.0+2.8 18.0+0.9
SUBACUTE 36.7+2.9 19.3+1.2

NS +8% NS +74
ACUTE 38.0+4.0 15.0+1.2

NS +114 NS +94
| nM 28.0 + 2.0 9 . 0+0 . 8

NS -4 4 NS +34
5mM 35.0+3.0 14. 0+1.0

NS +84 NS +54

Units: nmoles/mg protein. Number of experinments are 4. Each val ue
is Mean+S.D.
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STUDIES WITH CELLULAR FRACTIONS



STUDI ES ON CELLULAR FRACTI ONS

Studies with honpgenates and subcellular fractions
revealed alterations in the cerebral carbohydrate netabolism
in hyperamonem c states. The heterogeneity in the conposi -
tion of the homogenates and the necessity for the studies

with subcellular fractions has already been discussed.

Brain.is made up of three kinds of cells viz., neurons
astrocytes and oligodendracytes and during the process of
homogenization all three kinds of cells are ruptured and
their contents along with the subcellular organelles are
rel eased into the honogeni zing nedium The subcellular frac-
tions, nanmely mitochondria and cytosol, are thus derived from
these three cell types. It must be remenbered that these
three cell typos performdifferent functions - i.e., neurons
are involved in the process of reception, analysis and
transm ssion of information; astrocytes are involved in seve-
ral processes which are supportive of neuronal fun.tion while
oligodendrocytes are involved in the formation of myelin
sheath. Due to the heterogenity in their function, these
cells differ in their structural details and in their bio-
chem cal composition. These differences in structure
function and biochem cal conposition evidently inply that

they may be metabolically heterogenous. Thus, some of the

metabolic pat hways may be present only in one kind of cells,
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but not in others and the same metabolite: may have different
netabolic fates in each cell type. For eg , glucose carbon is
incorporated into acetylcholine in neuronal cells while this
pathway is absent in other two cell types. Similarly, carbons
of glucose are incorporated into myelin lipids in the oligo-
dendrocytes and this process is absent in other two cell
types. This metabolic heterogeneity was earlier thought to be
uni que to brain but recent studies indicate that this is also
present in the liver cells (Haussinger, 1963; Haussinger et
al., 1984). Due to this cellular heterogeneity in the cere-
bral metabolism it was observed that certain toxins, patho-
logical or altered physiological states affect only one type
of cell but not other cells. Hence, it is quite possible that
hyperammonemic conditions mght affect only one cell type in
the brain or may affect different cull types in different
ways. Studies with homogenates and subcellular fractions fail
to reveal the specific cell type affected in hyperammonemic
states. Hence, it beconmes inperative to know the action of
ammoni a on different cell types and on the netabolism of
these cells. Prior to the description of the results of the
present study, literature available on this aspect will be

reviewed briefly.

Von Hosslin and Al zheimer (1912) described that hepatic
di seases with encephal opathy are associated with a morbid

hypertrophy of the astrocyte. This was later supported by
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several investigators and Adans and Foley (1957) described
the appearance of Alzhein.. Type Il cells as the dominant

m croscopi c change in the brains of patients dying of hepatic
coma. They observed marked increase in the nunmber of |arge,
pal e astrocytes in the central nervoua system except in brain
stem spinal cord and cortical white matter. However, they
emphasized such a change in astrocyte may not bring about
neurol ogi cal symptoms (delirium seizures, coma etc.,) and
the chau,2 in the astrocytea may be a mere reactive hyperpla-
sia of protoplasmic astrocyte. Thia isS understandable as the
astrocytes at that time were considered as passive supporting

cells of brain.

However, studied on the met aboli sm of glutamate family
of amino acids (glutamate, glutamine, GABA, aspartate and
al anine), by Waelsch and his associates (Berl, 1971; Waelsch
and Lajtha, 1961; Berl et al., 1961,1962) resulted in under-
standing the role of astrocyte in hyperammonemic states.
Using *4C- glutamate as a precursor, these investigators
reported that the specific radioactivity of glutam ne was
hi gher than that of glutamate and suggested that this is
possi ble only when the netabolism of glutamate is compartmen-
talized in the brain. They further suggested that there are
two pools of glutainate in brain - one large and the other

small. Their studies revealed tha. these two pools of gluta-
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mate do not mix with each other and that glutamnm ne must be
originating from the small but rapidly turning over pool of
glutamate. Later studies of Benjamin and Quastel (1972, 1974,
1975) indicated that the small pool may be localized in the
astrocytes and the large pool in the neurons. The suggestion
that snall pool of glutamate is associated with the syuthaesis
of glutam ne, helped in explaining the role of astrocytes in
ammonia detoxification and for their reactive changes in
hepatic disorders. Uith the demonstration of induction of

Al zhei mer Type |l astrocytogis in methionine sulphoximine
treated rats (Lodin et al., 1968; Phelps, 1975; Cutierrez and
Nor enberg, 1975, 1977) and the localization of glutamine
synthetase in astrocytes (Martinez-Hernandez et al., 1977;
Norenberg and Martinez-Hernand.z, 1979), the inplication of
astrocytes in hyperammonemic states was firmy established.
However, the relationship between the astroglial changes and

the neurol ogi cal symptoms is yet to be understood conpletely.

In recent years, results have appeared in the litera-
ture which contradict the theory of metabolic compartmenta-
tion. Though the original theory proposes that gl utan ne
aynthetase is exclusively localized in the astrocytes, it has
been shown recently that this enzyme is present both in the
neuronal perikarya and in synaptosonea (Subbalakshmi, 1984;
Subbalakshmi and Murthy, 1985, 1986; Usharani, 1985). Under

such conditions, ammonia m ght also be detoxified in the
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neurons. Further, it has been reported that Na* , X*- ATPase
activity is stinmulated in hyperammonemij <states. As this
enzyme is also present in neurons and nerve terminals, its
stimulation mght lead to the depletion of cerebral energy
stores in hyperammonemiC states. Studies of Subbalakshmi
(1984), Subbalakshmi and Murthy (1983), Murthy et al., (1987)
reveal ed that ammonia at pathophysioiogical |evels might
affect the glutamate netabolism in neurons and astrocytes
while the studies of Jessy (1990) and Jessy and Murthy (1990
a,b) revealed that the netabolism of branched-chain amino
acida is affected in all the three cell types in hyperammone-
mic states. Presently, an attenpt is made to study the
effects of anmmonium ion on the glucose netabolism of these
three cell types viz., neurons, astrocytes and ol i godendro-
cytes. Moreover, studies with the synaptosomes are also in-
cluded along with the results on cell types. The rationale
for this is as follows. Synaptosomes are the axonic nerve

t we minala thua they are a part of the neuron. However, they
differ fromtheir cell body in having mechanisnms for the

rel ease of neurotransmitter. |t has been reported earlier
that the synaptosomal metabolism of glutamate differs from
that of the neuronal perikarya (Subbalakshmi and Mirthy 1985)
and their response to injected ammonium acetate is also
different (Subbalakshmi and Murthy 1986). Moreover, synapto-

somes, though isolated as subcellular fractions, have plasm
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menbr ane, cytoplasm and mitochondria and hence do» not

atrictly resemble any subcellular traction.
CELLULAR STUDI ES | N NORVAL ANI MALS:

PURI TY OF CELL PREPARATI ONS:

In the studies involving isolated cells, establishment
of cell purity and cross contamination of the isolated cells
is a prerequisite. This is established by microscopic and
bi ochemi cal nethods. In the former both light and el ectron
m croscopi ¢ techniques are to be enployed in the past. The
informati on obtained from electron mcroscopic nethods is
usual |y nuch nore extensive than that from light m croscopic
met hods. However, the preparation of material for electron
microascopie study le a time consum ng process and can not be
used on a day to day basis. Hence, in the present study only
light mcroscopic studies (includiug phase contrast techni-
ques) were used. These studies revealed no credible contami-
natlon of one cell type with other (Figs.1-3). However, the
maj or drawback in these studies was the inability to identify
contam nation with nenbrane fragments and pinched off nmem
brane vesicles (both derived fromother cell types). More-
over, this technique could not reveal the contamination of
synaptosomes With gliosomus (pinched off nenbrane vesicles of
gllal cells). Hence, the light microscopic observations were

supplimented With the determinations of marker enzymes. In
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this study, glutamine aynthetase and cholinesterases were
used as a markers for aatrocytea while glutamiec acid de-
carboxyl ase was used as a marker for nerve terminals
(synaptosomes). These results indicated that the cross conta-
minatlon was not more than 15 - 20% (Table 5.1). In

other words the purity of isolated preparations were about 80
- 85%. No marker waa used tor oligodendrocytes as the incuba-
tion conditions (during cell isolation) teducea the viability
and survival of other cell types (Snyder et al., 1980). Oher
paranmeters such ae RNA, DNA and protein contents and the cell

nunber were also determined (Tables 5.3 to 5.8).

There were no statiutically significant differences in the

purity of the cell preparations even in hyperanmonem c states
(Table 5. 2).

PRODUCTI ON OP CO.:

As the protein content of the cells differs over a wide
range (Table 5.7), the production of CO. from glucose has
been expressed both per mg protein and per cell (Tables 5.9
and 5.10). However, with synaptosomes, it was expressed only
per mg protein (Table 5.11). Irrespective of the node of
expression, the production of CO. from glucose wae higher in
astrocytes than in neurons and oligodendrocytes. Anpng the

latter two cell types, €O production from glucose was higher
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in neurons than in oligodendrocytes. The magnitude ot diffe-
rence INn this paraneter was higher when the rates were expre-
ssed per cell than when it was expressed per mg protein
(Table 5.9 and 5.10)). When a comparison waa made between
neurons and synaptosomes, it was observed that the rate of
CO. production was higher in the synaptosomes than in the
neurons (on mg protein basis, Table 5.11). These results
indicated that the isolated cells and synaptosomes are viable

and can respire in the presence ot glucose.

The values obtained in the present study for the produc-
tion of OOz from glucose in astrocytes and neurons are higher
than the rates of COg production in the neurons and astro-
cytes in primary cultures (Hertz et al., 1987). This may be
due to the different treatments to which the isolated cells
and the cells in primary culture are subjected. The isolated
cells undergo prolonged trypsin treatnment which mght alter
the menbrane conposition (acetylated trypsin used in the
study does not penetrate the cell; (Farooq and Norton 1978).
However, the cells grown in primary cultures undergo nuch
gentler treatnents and are allowed several weeks to recover
from the trauma of dissociation procedure. Further, exposure
of cells to hypertonic media during isolation procedure m ght
al so affect their menbrane properties especially perneability
properties. Hence, In the isolated cells the glucose pernea-

bility would naturally be higher than in the cells in the
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primary cultures (Roeder et al., 1988). However, even with
cells in primary cultures, Hertz et al., (1987)reported that
CO: production with astrocytes was higher than that of neu-
ions Which ia siwmilar to that in the present study. However,
it nust be mentioned that the neuronal perikarya used in the
present study are usually devoid of dendritic and axonic
processes and the nerve terminals. |f all these conponents
are present, as in in vivo states, it is possible that the

gl ucose oxidation may be much higher in neurons than in
astrocytes or the rates may be similar in both the cells.
Infact the rate of glucose oxidation by synaptosomes was nuch
hi gher than neuronal perikarya, which supports the above
contention. Higher rates of glucose oxidation in synaptosomes
may be due to a very low ratio of volume to surface area when
conpared to neurons. Very low rates of CO0e production from
glucose by oligodendrocytes indicated their netabolic
inertness when conpared with the other tw cell types. This
ia understandable as the nmjor function of these cells is to
formmyelin lipids and in adult aninals the rate of turnover
of myelin lipids is very slow and the elaboration of myelin
sheath does not take place. Moreover, as these cells are
involved in lipid synthesis, part of acetyl CoA (thus glu-
cose) mght be diverted fromcitric acid cycle for lipid
synthesis. Under such conditions, it can be expected that the

rate of COg production fromthese cells would be low Aa the
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nerve termnals (synaptosomes) outnumber the cells in brain,
their contribution to cerebral glucose utilization would be
nmuch higher than the cella. Amoung the cells, astrocytes

out number the neurons by a factor of ten (Rose, 196/, 1968),
hence their contribution in this respect would be greater
than neurons and oligodendrocytes. One interesting observa-
tion of this study is the escrgence of a new type of hetero-
geneity in the metabolism - i.e., functionally distinct
regions of the sane cell (such as neuronal perikarya and

synaptogomes) night have distinct metabolic profiles

Following is the description of levels of metabolites
of glycolysis and citric acid cycle in the cells and synapto-
somes after they were incubated with glucose. The contents of
slucose-é6-phosphate and fructose-é6-phogphate Were higher in
astrocytes than in neurons and oligodendrocytes and this was
seen irrespective of the node of expression of the content
(i.e., per cell or per mg protein; Tables 5.12 and 5.13).
This suggests that the glucose uptake and utilization m ght
be higher in astrocytes than in the other two cell types.
This becones inportant especialy while interpreting the re-
sults of glucose uptake in whole brain preparations such aa
slices. It would be interesting to study whether astrocytic
gl ucose uptake, phosphoryaltion and further netabolismia

affected in functional states of brain such as exitation and
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depregsion.

The content of phosphoenolpyruvate was observed to be
higher in the astrocytes than in the other two cell types
when expressed per cell or per mg protein (Tables 5.12 and
5.13). This is understandable as these cells are supposed to
be involved in CO. fixation (Berl,1971), where in phospho-
enol pyruvate is converted to oxaloacetate, their requirement
for phosphoerol pyruvate would be higher. Further, it roust be
ascertained in future whether glycogen synthesis in these
cells utilize pyruvate and phosphoenolpyruvate formed in

glycolyala.

lv is interesting to note that the profile for contents
of pyruvate in the cells depends on the mode of expression
When expressed per cell, pyruvate was higher in astrocytes
while it was same in neurons and oligodendrocytes (Table
5.12). However, when it was expressed per mg protein, it was
hi ghest in oligodendrocytes than in the other two cell types
in which the contents were nore or |less same (Table 5.13).
These two types of profiles, which depend on the node of
expression, were also observed in lactate content (Tables
5.12 and 5.13). The precise reason for this dependence of the
content on the node of expression and its physiol ogical
significance is difficult to explain at present. lhis may be

due to the sinple reason that the oligodendrocytes have |ess
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amounts Of protein (Table 5.7) hence, the nunber of cells per
mg protein would be higher when conpared to astrocytes and

neurons (Table 5.5).

If this was to be the reason, then it is surprising
that this difference uves not appear in the case of other
met abolites. Mreover, when the levels of all the other
intermediates are lower in oligodendrocytes than in the other
two cell types, it is difficult to envisage a higher pyruvate
and |lactate contents. Thi s will only be possible (i.e.,
hi gher pyruvate and |actate contents in oligodendrocytes when
all other netabolites are low) only if the utilization of
pyruvate and |lactate is very low in these cells or it the
pyruvate/lactate pools are quite large and act as sinks.
Despite higher lactate content, the contribution of oligoden-
drocytea to cerebral lactate pool would be .ow as these
cells are few in number when conpared to astrocytes and

neurons.

When the contents of the four glycolytic intermediates
of aynaptosomes and neuronal perikarya are conpared, there
were certain striking differences (Table 5.13). The synapto-
somal content of glucose-é-phosphate was |ower than that of
neuronal perikarya while the pyruvate and |actate contents of
synaptosomes were greater than that of neuronal perikarya.

The contents of fructose-6-phosphate and phosphoenolpyruvate
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were simlar in both the fractions. The magnitude of diffe-
rence in the lactate content was very high in these two
fractions when compared With the other metabolites.

Obvi ously, the contribution of synaptosomes to cerebral |ac-
tate content would be much higher than other cells. This is
surprising as the rate of CO. production from [U - '4Cjlglu-
cose was much higher in synaptosomes than the neuronal peri-
karya which suggests a greater oxidation of glucose in the

former preparation.

As was done in eari.er studies with subcellular frac-
tions, the data on netabolites is supplimented With that on
enzynmes. For this purpose glycolytic enzymes were assayed in
the extracts of the three differenct cell types and in
synaptosones. The activities of the glycolytic enzynes were
expressed per mg protein (specific activity) and per cell
(cellular activity) and the reasons for these two modes of
expression of enzyne activity have already been discussed.
Due .o the reasons mentioned earlier, nost of the discussion

will be based on cellular activities unless otherw se indi-

cated.

CELLULAR ACTIVITIES:

The cellular activity of the initial enzyme of glyco-
lysis, i.€e., hexokinase, Was observed to be higher in aatro-

cytes than in the neurons and oligodendrocytes. Anpng the
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later two, hexokinse activity was higher in the neurons than
in oligodendrocytes (Table 5.14). Activities of the phospho-
fructokinase and aldolase were higher in the neurons than in
the other two cell types. Among the astrocytes and ol i goden-
drocytes, activities of these two enzynes were higher in
astrocytes than in the oligodendrocytes. Glyceraldehyde-3-
phosphate dehydrogenase activity was simlar in all the three
cell types while that of enolase was simlar in only neurons
and astrocytes. Enolase activity was lesser in oligoden-
drocytes than in other two cell types. Cellular activity of
pyruvate kinase was sinmilar in astrocytes and neurons which
was greater than that of oligodendrocytes. Cellular activity
of lactate dehydrogenase, neasured in both the directions
was similar in astrocytes and neurons which was greater than
that in oligodendrocytes. In general, cellular activities of
all the glycolytic enzynes, excepting glyceraldehyde-3-phos-
phate dehydrogenase were lower in oligodendrocytes than in

the other two cell types (Table 5.14).

The cellular activity of phosphofructokinase was
greater than that of hexokinase in the neurons and oli goden-
drocytes while in astrocytes the aciivities of these two
enzynes were simlar. However, the cellular activities of
phosphofructokinase and al dol ase were equal in all the three

cell types. In the oligodendrocytes, glyceraldehyde~3-phos-~
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phate dehydrogenase activity was greater than aldolase and
enolase while in the neurons and astrocytes the activity of

al dol ase is equal to that of glyceraldehyde-3-phosphate de-
hydrogenase which was |esser than that of enolase. In all the
cell types, the cellular activites of pyruvate kinase were
several fold higher than those of enolase. In the oligoden-
drocytes, the activities vi pyruvate kinase and |actate de-

hydrogenase (pyruvate > lactate) were also equal while in

other two cell types pyruvate kinase activity was greater
than that of l|actate dehydrogenase (pyruvate --> |actate).
Activity of lactate dehydrogenase, neasured in the direction
of pyruvate formation was lesser than that in the reverse

direction in all the three cell types (Table 5.14).

SPECI FI C ACTI VI TI ES:

Differences were observed in the profiles obtained for
the distribution or glycolytic enzymes, especially wwun their
activities were expressed per mg protein (Table 5.15). Hexo-
kinage activity was same in neurons and astrocytes and was
hi gher than that of oligodendrocytes. Specific activities of
phosphofructokinase and al dol aae were higher in neurons than
in astrocytes and oligodendrocytes and in the latter two cell
types specific activities of these two enzynmes were similar.
Unlike the profile of the distribution of above enzvmes,
specific activity of glyceraldehyde-3-phosphate dehydrogenase

was higher in the oligodendrocytes than in neurons and astro-
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cytes. Its activity was similar in the neurons and astro-
cytes. Simlar activity levels werc noticed for the gpecific
activity of enolase in astrocytes and oligodendrocytes which
were lower than that in neurons. Unlike the above, specific
activity of pyruvate kinase was similar in neurons and astro-
cytes and was higher than that in oligodendrocytes. Specific
activity of lactate dehydrogenase (both the directions) was

hi gher in oligodendrocytes than in neurons and astrocytes.

As the uptake and retention of glucose by the cells are
supposed to be dependent on hexokinase activity, it may be
assuned that the astrocytes, with greater hexoki nase acti -
vity, mght take up rmuch |arger amounts of glucose and con-
vert it to glucose-6-phosphate than neurons and oligodendro-
cytes. This is understandable as the astrocytes are the seats
of glycogen synthesis (Phelps, 1972, 1975; Ilbrahim 1975
Cataldo and Broadwell, 1986; Cambray-Deakin et al., 1988
a, b) and the glucose-é6-phosphate may al so be utilized for
this purpose. Moreover, it has been reported that the acti-
vity of hexome monophosphate ahunt pathway is higher in
astrocytea than in other two cell types (Edmond et al., 1987)
and this pathway also utilizes glucose-é-phosphate as its

substrate.

Though it is said that the oligodendrocytes mght also

have small anpunt of glycogen, it was however observed to be
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restricted to the early periods of brain development. Oligo-
dendrocytes were shown to be devoid of glycogen in the mature
brain (Phel ps, 1972; Katzman, 1981). Lesser activities of
hexokinase in these cells indicate that the glucose uptake
by the oligodendrocytes might be much |ess conpared to the
neurons or astrocytes. This is supported by the observation
that the oligodendrocytes had the |owest anmobunt of glucose-6-
phosphate. In the neurons and oligodendrocytes, phospho-
fructoki nase activity was mnuch higher than that of hexo-
kinase while in the astrocytes both these activities were
observed to be sanme. Phosgphofructokinase is known to be a
maj or regulatory enzyne in giycolytic pathway and cc *rols
the flux of glucose carbon through glycolytic pathway

Hi gher activities of this enzyne in neurons will facilitate
the greater utilization of hexose phosphate in the glyco-
lytic pathway. However, equal activities of hexokinase und
phosphofructokinase in the astrocytes would allow the utili-
zation of hexose phosphates not only in the glycolytic

pat hway but also for the synthesis of glycogen and in hexose
monophosphate shunt. The anpunt of glucose carbon passing
through these pathways at any given tine would be determi-
ning the rate of synthesis of the intermediates of that
pathway. In oligodendrocytes, which are involved in the syn-
thesis of myelin, the glucose carbon is used not only for the

energy metaboliam but also for the synthesis of nyelin and
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also for providing the reducing equivalents required for the
synthesis of 1lipidas. The former procese involves the conver-
sion of glucose to pyruvate and then to acetyl-CoA which
serves as the building blocks for myelin synthesis. The
latter process, i.e., providing reducing equivalents, ia
through the metabolism of glucose in hexose monophosphate
shunt pathway.-1In present study, though the enzynes involved
in the hexose monophosphate shunt were not determned, it may
be assuned that their contribution to glucose netabolism will
be minimal aa the animals used in this study were adult
animals, in which the nmyelin formation takes place at very
low rates. Hence, in the oligodendrocytes obtained fromthe
adult animals, nmost of the glucose carbon mght be diverted
into the glycolytic pathway. Lesser activity |levels of phos-
phofructokinase in the oligodendrocytes than the other two
cell types is in agreenment with the earlier suggestion that
the rate of glucose netabolismmght be low in the oligoden-

drocytes when conpared to astrocytes and neurons.

Anot her regulatory point in the glycolytic pathway ia
the reaction nediated by glyceraldehyde-3-phosphate dehydro-
genase. |In the neurons and astrocytes, activity of this
enzyne was simlar to that of aldolase while in the oligoden
drocytes it was about three fold higher than that of aldo-

|l ase. The enzyne, enolase, 1ls involved in the formation of



phosphoenolpyruvate and its activity was observed to be

hi gher than that of glyceraldehyde-3-phosphate dehydrogenase
in the neurons and astrocytes but not in the oligodendro-
cytes. Such distribution would ensure greater utilization of
triose phosphates for the formation of phosphoenolpyruvate in
the former two cell types. Phosphoenolpyruvate participates
not only in the pyruvate formation but also in the formation
of oxal oacetate and thus in the anaplerotic replenishment of
citric acid cycle intermediates. Studies on netabolic com-
partmentation revealed that the enzyne phoaphoenolpyruvate
carboxykinase is associated with the small conpartnment, which
is supposed to be localized in the astrocytes (Berl, 1971).
These studies suggested that phosphoenolpyruvate is involved
not only in the formation of pyruvate but also of oxalo-
acetate in the astrocytes. Geater contents of phosphoenol -
pyruvate in the astrocytes than in neurons and oligodendro-
cytes, observed in the present study, supports such a con-
cept. In this context, it nust be mentioned that the relative
activities of enolaae and pyruvate kinase are important as
these two enzymes are involved in the formation utilization
of phosphoenol pyruvate in the glycolytic pathway. It ia inte-
resting to note that the pyruvate kinase activity was about
ten fold higher than that of enolaae in all the three cel
types. Under such circunstances, it is possible that the

phosphoenol pyruvate forned in the enolase reaction may be
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utilized to a greater extent for pyruvate formation. Thia is
understandable as pyruvate is the vital intermediate of the
glucose netabolismand is present at the cross road of seve-

ral metabolic pathways.

The two major routes of utilization of pyruvate are the
(1) formation of lactate and (2) its transport into mto-
chondria where. pyruvate is converted to acetyl CoA. The
latter intermediate may be further oxidized in the citric
acid cycle or may be used for 1lipid synthesis. The conversion
of pyruvate to lactate ia a reversible process and is
medi ated by the enzyme |actate dehydrogenase. Conversion of
pyruvate to lactate involves the oxidation of NADH to NAD. It
has been proposed that this reaction may be involved in the
regeneration of NAD in the cytosol. The NAD thus regenerated
is utilized in the triose-phosphate dehydrogenase reaction
Results obtained in the present study indicuted that all
these three cell types were capable of converting pyruvate to
lactate and also the reverse reaction i.e., lactate to pyru-
vate. In general, the activity of the enzyme in the direction
of lactate formation was observed to be much higher than in

the reverse direction.

Profile of distribution of the activities of the glyco-
lytic enzymes were more Or |eas same as above when their

activities were expressed per mg protein. However, there are
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few exceptions to this when the specific activities were
considered. The activity of glyceraldehyde-3-phosphate de-
hydrogenase was much higher in the oligodendrocytes than the
other two cell types. Similar pattern was observed with
respect to |lactate dehydrogenase. But for these tw diffe-
rences in general, the activities of the glycolytic enzymes
in the oligodendrocytes were |esser than other two cel

types.

As was mentioned earlier, in the present study synapto-
somes have been included into the cell types. It is inte-
resting to note that though synaptosomes are derived from
perikarya, the profile of distribution of glycolytic enzynes
was nuch different in these two neuronal preparations. The
maj or difference was the very high activity of hexokinase and
lower activity of phosphofructokinase in the synaptosones
when conpared with neuronal perikarya. Simlarly pyruvate
ki nase activity in syuaptosomes was atleast half of that in
the neurons and that of |actate dehydrogenase was six times
hi gher. The differences in the activities of hexokinase indi-
cated that the uptake of glucose would be much higher in the
synapt osomes when conpared to neurons. However, the measured
glucose-6-phoaphate levels were lower in synaptosomes than in
neuronal perikarya. Such a difference in the measured content
of the intermediate and the activity of the enzynme invol ved

in its synthesis nmight be due to rapid utilization of the
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netabolite in other reactions or due to the regul atory
restrictions imposed on the activity of the enzyme under in
vivo conditions. Simlarly, lactate formation would also be
much higher in the synaptosomes than in the neuronal peri-
karya. This 1e supported by the greater amount of lactate in
the synaptosomes than in neurons. As the synaptosomes out-
number the neuronal perikarya as well as astrocytes, their
contribution towards |actate formation will be nuch higher

than any other cell type.

It la very well known that protein synthesis cannot
takes place in synaptosomes as they are devoid of ribosones.
Hence, all the proteins are synthesized in the perikarya and
transported through the axons into the nerve term nals. Based
on the rates of transport, these proteins are devided into
sl ow moving and fast noving proteins (Ccha, 1981). Though
there is a heteroflenity in the rates of transport of these
proteins, so far no information is available on the diffe-
rences in the rates of transport of different enzynmes of same
pat hway. Hence, it is quite possible that the differences in
profiles of distribution of glycolytic enzynes in the
synaptosones and in the neuronal perikarya might be due to
the differential rates of transport of this proteins. Another
reason for such differential distribution could be due to

differences in the turnover rates of these proteins in diffe-



rent compartments of the same cell. Once again no information
is available on this aspect. Finally it should also be nen-
tioned that the differences in the distribution of enzymes of
glycolytic pathway in the neurons and in the nerve termnals
might also be due to the differential expression of these
enzynmes in different subcellular fractions. This nay be due
to the differences in the availability of the cofactors and
the minor variations in the local pH and substrate quanti -
ties. However, this may be ignored aa the assays were nmade
under in vitro conditions, where both the preparations were
perneabilized by the addition of Triton X-100 and optimal

concentrations of substrates and cofactors were provided.
CITRIC ACI D CYCL: | NTERVEDI ATES AND ENZYMES:

It was established quite early that citric acid ¢y :la
in brain is closely associated with the metabolism of amino
acids of glutamate family (glutamate, glutamine, aspartate,
al ani ne and GABA). Balazs and his associ ates have demon-
strated that the glucose carbon enters rapidly into the
carbon skel eton of these amino acids (Balazs et al., 1970).
Uith the proposal of the compartmentalization of glutamate
metabolism it was evident that there is a bidirectional
exchange of carbon skeleton between citric acid cycle and the
glutamate famly of amino acids. |t has been proposed that

there are two citric acid cycles in brain which are distinct
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and do not mix with each other. One of them was proposed to
be localized in neurons (associated with the large pool of
glutamate) and the other in astrocytes (associated with the
amall pool of glutamate). It was proposed that glutamate ia
oxidized or in other words glutamate carbon enter the citric
acid cycle in the neuronal conpartnent while in the astro-
cytes glutamate is synthesized (in a reaction nediated by

gl utamat e dehydrogenase) which suggests the entry of carbons
fromcitric acid cycle into glutamate (Benjamin and Quastel,
1972, 1974, 1975; Berl et al., 1978; Berl and Clarke, 1983).
It was also suggested that carbon dioxide fixation occurs in
the astrocytes (Berl, 1971). It was also proposed that these
two poola communicate through glutamate and glutamne in
order to balance the flow of carbon atoms into and out of
glutamate (Benjamin and Quastel, 1972). However, recent
experinents especially with cell cultures provided ev.dences
sone of which are in favour and others are not in support of
the original theory of netabolic compartmentation. O these
results, the one with particular interest to the present
study is the rates of *4COgz production fromglutamate. It was
shown that these rates are very high in astrocytes than in
neuronsa (Hertz et al., 1983, 1987; 1988). This suggests that
2-oxoglutarate formed from glutamate enter citric acid cycle
and this process is very high in astrocytes. In other words,

anaplerotic replenishment of citric acid cycle internediates
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in glial cells occurs at two levels i.e., at the stage of 2-
oxoglutarate (fromglutamate) and also at the stage of
oxaloacetate (trangamination and CO. fixation). Another study
of considerable interest is the release of citric acid cycle
intermediates ( 2-oxoglutarate and malate) from the astro-
cytes and their subsequent uptake by high affinity uptake
systens at the nerve term nals (Shank and Canpbell, 1981
1984 a, b). Thia atudy suggests that the citric acid cycles
of neurons and aatrocytes communicates with each other not
only through glutamate fanmly of amino acid but also through
their own intermediates. Despite the enornmous anount of work
done in thia area, very little information is available on
the levels of the citric acid cycle intermediates in neurons
and astrocytes and on the enzymes of citric acid cycle in

these two cell types.

Moreover, in the original theory of netabolic com-
partmen ation the role of oligodendrocyt es was conpletely
ignored. Only recently, it has been demonstrated that theae
cells can utilize not only glucose but also acetoacetate and
hydroxybutyrate (Edmondet al., 4987). Results of the present
investigation also denpnstrated that these cells can form
pyruvate and lactate from glucose and their contribution to

brain lactate nay be higher than the other cellas.

Presently, the levels of citric acid cycle interme-
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diates and the distribution of the enzynes of citric acid
cycle have been studied in the cells isolated from the cere-
bral cortex of normal rats. Experiments were also cariied out
along the same lines with synaptosomes and the results were
compared With those of neuronal perikarya. As was the earlier
case, the contents and the activities were expressed per cell

and per mg protein.

The results obtained with the production of *4COs from
[U- **C] glucose have already been described and di scussed.
In brief, these results indicated that the rate of production
of '4C0g fromglucose were higher in astrocytes than in
neurons and the |lowest rates were observed in oligodendro-

cytes (Table 5.9 and 5.10).

It was observed that the conparison of the contents of
citric acid cycle internediates in the cell types varies with
mode Of expression (Tables 5.12 and 5.13). The profiles were
al so observed to be different from those of the glycolytic
intermedi ates. When expressed per cell it was observed that
the levels of citrate, isocitrate, 2-oxoglutarate and malate
were higher in the astrocytes than in the neurons. Lowest
levels of these internediates were observed in the oligoden-
drocytes. However, when expressed per mg protein, the con-
tents of the measured citric acid cycle intermediates were

simlar in the neurons and astrocytes while their contents in
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oligodendrocytes remained to be the |owest among the three
cell types. In all the cell types, irrespective of the node
of expression, malate content was observed to be higher than

that of other citric acid cycle intermediates.

Greater contents of citric acid cycle intermediates in
astrocytes than in other cells is understandable as these
cells also produced greater amounts of *'4CO: frowm [U- 14C}
glucose and also had higher amnovunts of glycolytic interme-
di ates. These results also suggest that the pool size uv.
these intermediates (both of glycolysis and citric acid
cycle) might be larger in the astrocytes than in neurcus.
This may be essential as these cells are supposed to expcrt
glutamine, 2-oxoglutarate and malate to the nerve endings
(Shank and Canpbell, 3981, 1984 a, b). Naturally this nece-
gsiates large pool size of intermediates which are required
for their own use and for export purposes. Further, to main-
tain such large pools of citric acid cycle intermediates not
only the rate of glucose utilization nust be high but there
must al so be anaplerotic reactions at nore than one stage of
citric acid cycle. As was discussed earlier, the results of
Yu et al., (1982, 1983); Berl et al., (1971) suggest that
this may be true and the anaplerotic replenishment m ght
occur at the stage of 2- oxoglutarate (by glutamate) and

oxal oacetate (CO, fixation).
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An interesting observation in the present study is the
greater levels of malate than 2Z-oxoglutarate. Though this la
observed in all the cell types, the magnitude of difference
between these two intermediates is very high in astrocytes.
If malate is formed only from 2-oxoglutarate in the citric
acid cycle, its levels nust be either lesser or equal to that
of 2-oxoglutarate. Moreover, it nmust be reca.led that the
succi nate dehydrogenase activity was much |easer than 2-
oxogl utarate dehydrogenase by several fold in the mtochon-
dria (and in the cells; see below). Under such conditions,
the rate of wutilization of succinate would be l[ower than the
rate of its formation which should result in nmuch |ower
levels of malate than 2-oxoglutarate. Lack of such relation-
ship indicates that malate may be formed from other sources
Most likely source of mmlate is oxal oacetate which is gene-
rated from phosphoenolpyruvate (COr fixation) or amino acids
such as aspartate. Some of this malate m ght have origi nated
in the cytosol due to the operation of malate-aspartate

shuttle.

The lowest levels of citric acid cycle intermediates in
the oligodendrocytes fits with the observed rates of 14Co0,
production from glucose and the levels of glycolytic internme-

diates in these cells.

Due to such a metabolic profile of oligodendroglial
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cells, glucose would be spared for the other cells which are
metabolically nuch nore active than oligodendrocytes. Fur-
ther, the cells with perpectually low requirements of energy
woul d have low contents of ATP. In order to test thi3 tenet
ATP and ADP levels were measured in all the three cell types

after they were incubated with glucose

As in the case of citric acid cycle intermediatea, the
contents of ATP and ADP in the three cell types varied with
the mode of expression (Tables 5.12 and 5.13). Their contents
were higher in astrocytes than in ncurons when expressed per
cell. However, the contents were sanme in these two cel
types, when they were expressed per mg protein. Irrespctive
of the mode of expression, the oligodendroglial ATP and ADP
level s were the lowest among the three cell types. However
the ATP/ADP ratio was observed to be the same in all the cel
types.

Hi gher cellular contents of ATP in astrocytes may be the
reason for their higher glucose utilization. As ATP levels
are more, nore of this conpound would be available for hexo-
kinase reaction which would result in trapping nore glucose
as glucose-6-phosprate. Conversely it may also be suggested
that the higher rates of glucose utilization in astrocytes
may be required to maintain the large pool size of ATP. Such
high levels of ATP may be required for the astrocytes, as

they are involved in the synthesis of glycogen, glutamine and
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in scavenging the extracellular potassium. "oweat |evels of
ATP in the oligoderdrocytes supports the concept that their
energy requirements are lower than the other cells. Moreover,
such low levels of ATP would not allow |arge ampbunts of
glucose to be trapped as glucose-o6-phosphate iN hexokin. ae

reaction unless the turnover rates are elevated

A conparison of the contents of citric acid cycle
i ntermedi ates between the neuronal perikarya and of aynapto-
somes has also been made and the results are presented in
Table (5.13). It was surprising to notice that there are no
significant differences in the contents of the citric acid
cycle intermediates between neuronal perikarya and synapto-
somes despite of a vast difference in their rates of COg
production and in the levels of pyruvate and |actate. As was
suggested earlier, that though the levels of the citric acid
cycle intermediateas are the sane for neuronal perikarya and
synaptosomes, it is possible that the rate of turnover of the
intermediates may determne the final outconme of the neta-

bolism

As was done earlier, the data on netabolite |evels has
to be supplimented with that of enzymea. For this purpose
activity levels of citric acid cycle enzymes were determ ned
in the neurons, astrocytes and ol igodendrocytes and expressed

as cellular activities and specific activities (Tables 5.17
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and 5.18a).

The cellular activities of pyruvate dehydrogenase and
other citric acid cycle enzymes were less in the oligodendro-
cytes when conpared to the aatrocytes and neurons. In
majority of the cases the activities were approximately ten
fold lesser in these cells. Cellular activities of pyruvate
igsocitrate, 2-oxoglutarate and succinate dehydrogenases Were
equal in both astrocytes and neurons while those of citrate
synthase and malate dehyd:i uvgenase (in both the directions)
were “igher in astrocytes than in nevurons. As was observed
earlier, succinate dehydrogenase activity was several fold
| ess when conpared to that of 2-oxoglutarate dehydrogenase

and nel ate dehydrogenase (Table 5.17).

Though the specific activities of these enzymes in the
oligodendrocytea were lesser than those of neurons and astro-
cytes, tuae magnitude of difference of specific activities
between oligo cells and other two cell types was |esser when
conpared with that of cellular activities. Specific activi-
ties of all the citric acid cycle enzynes except succinate
and pyruvate dehydrogenases were simlar in neurons and
astrocytea. The activities of both pyruvate and succinate
dehydrogenaases Wwere |esser in aatrocytes than in neurons. As
was seen earlier,the specific activity of succinate dehydro-

genase activity was |lesser by several fold than that of 2-
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oxogl utarate and malate dehydrogenasea (Table 5.18a).

The results obtained in this study indicate that on mg
protein basis oligodendrocytes do contribute to a significant
extent to the activities of citric acid cycle enzymes in
brain. However, on the whole, their contribution would be
less as the number of oligodendrocytes per unit weight of
cortex will be lesser than the neurons and astrocytes. More-
over, contribution by the astrocytes would be nuch high when
conpared to the neurons, as they out nunmber the neurons by a

factor of ten (Rose, 1967, 1968) .

The results obtained for the activities of pyruvate
dehydrogenase and the enzymes of citric acid cycle and the
level s of the internediates of this pathway were nore or |ess
simlar. The activity levels of pyruvate dehydrogenase and
the levels of its substrate i.e., pyruvate do not agree with
each other. The cellular content of pyruvate, as was nen-
tioned, was higher in the astrocytes than in neurons while
the cellular activity of pyruvate dehydrogenase was simlar
in both the cells. However, it nust be stated that the acti-
vity level of the enzyme and its substrate in different cells
need not match with each other especially if the substrate
happens to be utilized by several other metabolic pat hways.
Lower activity levels of pyruvate dehydrogenase in ast: cytes

than in neurons might result in sparing the pyruvate for
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ot her pathways such as €O, fixation and |lactate formation in
the former cell type. The higher cellular levels of lactate
in the astrocytes than in the neurons mght be due to the
same reason. |t must be mentioned at this point that the
measured activity of pyruvate dehydrogenase represents the
total activity of the conplex. As discussed earlier, pyruvate
dehydrogenasge activity is under the regulatory influence of
several nodulators in in vivo states. O these, the phoapho-
rylation/ dephosphorylation of the enzyme is very inportant.
In the present study, the entire pyruvate dehydrogenase com
pl ex m ght have been dephosphorylated during the cell 1isola-
tion procedure eventhough glucose was present and the tenpe-
rature ras maintained at 4°C throughout t..o duration. How
ever, activity levels of pyruvate dehydrogenase determned in
this study (i.e., total pyruvate dehydrogenase), though does
not reflect the actual wutilization of pyruvate carbon, pro-
vides information on the total capacity of the system under
conditions of meximal activation. However, the studies with
cell cultures indicated that the rate of decarboxylation of
pyruvate, through pyruvate dehydrogenase conplex, is nmuch

hi gher in astrocytes than in the neurons (Hertz et al., 1987;
Murthy and Hertz, 1989). This supports the above contention
that the total activity of this enzyme nmay be different from

that of active form
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Hi gher levels of citrate in astrocytes than in neurons
m ght be due to greater activity levels of citrate synthetase
in the former cell type than the latter which promotes con-
densation of acetyl CoA (formed from pyruvate) with oxalo-
acetate. This would pull the pyruvate dehydrogenase reaction
forward and prevents the accunulation of acetyl CoA which is
a feed back inhibitor of pyruvate dehydrogenaae (Garland and
Randle, 1¢74; Randle, 1981; U eland, 1983). Moreover,
higher activity of citrate synthetase in the astrocytes m ght
al so be essential for the oxidation of acetyl CoA fornmed from
substrates like acetoacetate, B-hya: oxybutyrate, fatty acida
and ketogenic amino acida which are utilized at higher rates
(some times exclusively; in these cells (Edmond et al., 1987;

Murthy and Hertz, 1987 a, b; Hertz et al., 1987).

The levels of 2-oxoglutarate and the distribution of
iaocitrate dehydrogenase resenbled each other in that both
were higher in astrocytes than in neurons. However, the
relationship in the contents of 2-oxoglutarate and the acti-
vity of 2-oxoglutarate dehydrogenase was different. The pro-
file of distribution of this enzyne and its substrate was
simlar to that of pyruvate and pyruvate dehydrogenase. As
the regulatory nechani sms for pyruvate dehydrogenase and 2-
oxogl ut arat e dehydrogenaae are simlar (Randle, 1981), the
interpretations for the results of pyruvate dehydrogenase are

equal ly applicable for 2-oxoglutarate dehydrogenaae. More-
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over, the results on COz production from {1-14C] glutamate
reported by several investigators in cell cultures (Yu et
al., 1982; Hertz et al., 1987; Lai et al., 1989)
suggests that 2-oxoglutarate utilization in the astrocytes
might be higher than in neurons. It nust be mentioned here
that glutamate is converted to 2-oxoglutarate in the re-
actions nmediated by either glutamate dehydrogenase or aspar-
tate aminotransferase and the latter conpound is acted upon
by 2-oxoglutarate dehydrogenase |iberating CO.. G eater acti-
vity levels of malate dehydrogenase (malate tO oxaloacetate)
in astrocytes than in neurons, suggested that the rate of
oxal oacetate formation in the forner type of cell miy t be
hi gher than 'n the latter. This is understandable as oxal o-
acetate requirenent of these cells would be high due to high

rates of citrate formation and acetyl CoA production from

several sources
Lowest activity levels of pyruvate dehydrogenase and

citric acid cycle enzynes in the oligodendrocytes might be
responsible for the low levels of citric acid cycle interme-

diates in these cells

The profile of distribution of pyruvate dehydrogenase
and the citric acid cycle enzynes were quite different in the
neuronal perikarya and synaptosomes (Table 5.18b). In the
neuronAl perikarya, pyruvate dehydrogenase activity was nuch

hi gher when conpared to that in the synaptosomes while the
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reverse was true for citrate synthase. The distribution pro-
file for isocitrate dehydr.genase resembled that of pyruvate
dehydrogenase but for the magnitude of difference. Activity
levels of 2-oxoglutarate and succinate dehydrogenasesg were
gimilar in these two fractions while the malate dehydrogenase
activity, assayed in both the directiona, waa higher in

synaptosomes .than in the neurons by several folds

A scrutiny of these results revealed a close similarity
in the distribution of pyruvate dehydrogenase and of citric
acid cycle enzymes in neurons and synaptosomes with that of
neurons and astrocytes. Hence, the discussion made earlier
for neurons and astrocytes mght be equally applicable to the

distributory profile of neurons and synaptosomes.

Anot her interesting observation made in this study was
the difference in the activities of citric acid cycle enzynes
in neurons and synaptosomes. |t is well established that the
mitochondria are assenbled in the neuronal perikarya and are
transported along the length of the axon into the nerve
termnals. H«nce, the differences in the activities of the
citric aecld cycle enzymes nmight not due to the variation in
the mitochondrial content because if the mitochondri al con-
tent were to be different between the neurons and synapto-
somes then it should be reflected in the activity of all the

enzynmes. These studies indicate that the mitochondrial compo-
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sition of neuronal perikarya mght be different from that of
the synaptoeomea. |t almso suggests that these differences in
the enzymic composition Of mitochondria could be due to the
differences in the inport of different mitoch. : ... proteins
at different rates and the assembly of a distinct popul ation

of mitochondria in neuronal perikarya to be transported into

Results obtained in this study alao indicated at the
maj or regulatory point for the citric acid cycle might be the
conversion of succinate to fumarate. The results obtained
With hemogenates, subecellular and cellular preparations indi-
cated that the succinate dehydrogenase activity was nuch |ess
in the brain when compared to the activities of other citric
acid cycle enzymes, especially of its proceeding enzyne i.e.,
2-oxoglutarate dehydrogenase. Such a profile suggests that
the production of succinate might be much higier than the
rate of its utilization in the citric acid cycle. Literature
aurvey reveals that the auccinate levelas in the brain are
several fold higher than those of fumarate (CGol dberg et al . |
1966; Folbhergrova et al., 1974 a, b; Carlsson et al., 1975;
Norberg and Siesjo, 1975 b, 1976), thua supporting the above
suggestion. The significance of thia ia difficult to assess

as aucclnate iu not utilized in pathways other than citric

acid cycle. The reason for the very low activities of suceci-



nate dehydrogenase in the brain when compared wWith the other
citric acid cycle enzymes ia very difficult to sugreast at
this tinme. This la because of the fact that all the citric
acid cycle enzynmes including succinate dehydrogenase are
located in the mitochondria, hence the difference cannot be
attributed to the mitochondrial content. It ia quite posaible
that the ampunt of enzyme in the mitochondria might itself be
low or the enzyme may be inhibited by sone ligands. For eg.,
it has been reported that the succinate dehydrogenase acti -
vity is inhibited by oxal oacetate in a conpetitive fashion
under in vitro and in vivo conditions (Uoistczak et al.,
1969; Zeylemaker et al., 1969; Singer, 1972; Vinograeoe et
al., 1972; Ackrell et al., 1974; Gutman, 1976).

STUDI ES ON MALATE-~ASPARTATE SHUTTLE:

Utilization of pyruvate (thus glucose) in the citric
acid cycle in brain was shown to be dependent on the
transport of reducing equivalents across the mtochondri al
menbranes by malate-aspartate shuttle (Fitzpatrick et al.,
1983; Murthy and Hertz, 1988). Studies with aubcellular
fractions have denmonstrated the presence of the enzynes and
internediates required for the shuttle. Very few studies have
been conducted on the activitiea of the malate-aspartate
shuttle in the cells and synaptoasomea of brain. Results Of

Fitzpatrick et al., (1983), Cheeseman and C ark (1988) and
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Murthy and Hertz (1988), have conclusively demor.*rated the
flow of carbona from glucese and pyruvate into citric acid
cycle through pv-uvate <¢ hvi-ogenase iS dapendent on the
operation of m-'ate-aspartate shuttle in brain slices,
synaptosomes and in primary cultures of astrocytes. In the
present study, the levels of the intermediates and the
enzymes i nvolved in malate-aspartate shuttle -~ive been esti-
mated in the isolated neurons, astrocytes, o !godendrocytea
and in synaptosomes. |t must be mentioned here that these
components of malate-aspartate shuttle have been studied in
the whole cell preparations. Though it is ideal that such
studies are conducted in the cytosol and mitochondria of the
isolated cells, the paucity of the material was the major
restraining factor. This is especially true with the cells
such as oligodendrocytes where in the yeild is very low ( 2,
4 and 0.5 mg protein/gin wet weight cotex for neurons, astro-

cytea and ol i godendrocytes respectively; Table 5.8).
LEVELS CF | NTERMEDI ATES CF MALATE-ASPARTATE SHUTTLE

The contents of 2-oxoglutarate and malate in neurons,
astrocytes, oligodendrocytes and in synaptosomee have already
been di scussed (Tables 5.12 and 5.13). In general, malata
| evel s were higher than those of 2-oxoglutarate in all the
three call types. The contents of these two intermediates

were low in oligodendrocytes when conpared to other two cell
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types. Astrocytes had higher levels of these two interme-

diates than neurons.

Aspartate content when expressed per cell was same in
astrocytes and neurons. However, when it was expressed in
termas Of mg protein, it was higher in neurons than in astro-
cytes. Lowest lev 1s of aspartate were observed in the oligo-
dendrocytes irrespective of ‘the node of expression of the
content. Between neuronal perikarya and synaptosomesa, the
content of this amino acid was higher in the latter than in

the forner (Table 5.13).

Large ampunts of aspartate in the neurons and astro-
cytes may be due to their higher rates of glucose utilization
when conpared to oligodendrocytes which have low rates of
glucose utilization. ns malate-aspartate shuttle is closely
associated with the utilization of glucose, it is surprising
that aatrocytes with higher rates of glucose utilization than
neurons, have sane amount of aspartate as the neurons. Though
it may be arguec that some of this aspartate in the neurons
may belong to the neurotranamitter pool, it nust be nentioned
that the neuronal perikarya, in general, do not have the
machi nery to release neurotransmttera. Hence, there may not
be a neurotransmitter pool of aspartate in them. It is quite
possible that in these cells, the pool size = y be larger but

its turnover rate may be slow IMoreover, the operational
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rates of malate-aspartate shuttle is not the sole factor in
regul ating glucose metabolism. Greater contents of aspartate
in synaptosomes than in neuronal perikarya (Table 5.13) is
under st andabl e as the glucose utilizationfcy the asynaptosomes
is higher than that of neuronal perikarya and part of the

aapartate in the synaptosomes may belong to the neurotrana-

mitter pool .

The npat surprising observation of the present study is
that the glutamate levels were below the level of detection
in the cells (and medium) after they were incubated with
glucose. Thia could not be a nethodol ogical error aa the
assay system detected glutamate in the extracts of nerve
termnals and in other subcellular fractions. Moreover, exo-
genous addition of glutamate to the extracts confirned that
the assay systemis functional. The precise reason for this
lack of glutamate in cell extracts is not known at present.
It may be due to the rapid ratea of oxidation of glutamate or
its conversion to glutamine. If this is true, it is not
understandable as to how malate-aapartate shuttle functions
under such conditions as exchange of aspartate across mito-
chondrial menbranes requires the presence of glutamate. How
ever, in synaptosomes the glutamate |levels were higher than
that of aspartate and part of this glutamate may belong to

the neurotranamitter pool
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DI STRI BUTI ON OF ENZYMES OF MALATE- ASPARTATE SHUTTLE:

The distribution profile for the activity levels of
malate dehydrogenase has already been discussed. In summary,
the cellular activity of nmlate dehydrogenase (in both the
directions) was higher in astrocytea than in neurons and
oligodendrocytes and the latter cell type had the |owest
activity of this enzyme. However, the specific activity of
this enzyme in neurons and astrocytes was simlar but it was

hi gher than that of oligodendrocytes (Table 5.19a).

Both the cellular and specific activities Of aspartate
aminotransferase was observed to be higher in the astrocy:es
than in neurons (Table 5.19a). wowever, the magnitude of
difference in the cellular activities of this enzyme in
astrocytes and neurons was higher than that of the specific
activities. Cellular and specific activities of aspartate
aminotransferage were |ower in oligodendrocytes when conpared
to the other two cell types. The profile of distribution of
enzyme was, thus, different from that of aspartate in astro-
cytes and neurons. |In theae two cell types aspartate levels
were simlar eventhough aspartate aminotransferase |evels

were higher in astrocytea than in neurona.

A comparision between synaptosomea and neuronal peri-
karya reveal ed that the aapartate aminotransferase activity

was several fold higher in the former than in the latter
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(Table 5.19b). From the present study, it is not known

whet her the mitochondrial or cytoaolic activity of thia
enzynme is higher in these two neuronal preparations. \What-
ever, may be the localization, such diff rence represents
preferential transport o. this enzyne into nerve endirgs.
Thia may be required as aspartate participates both in neuro-
transmiseion and in the operation of malate-aapartate shuttle
in the nerve endings. Moreover, aspartate is also required
for the purine nucleotide cycle. Though the subcellular |oca-
lization of all the enzymes of purine nucleotide cycle ia not
known, it is well known that electrical excitation brings
about the release of several of the purine nucleotides such
as AMP, |IMP, inosine and hyooxanthine (Pull and Mcllwain,
1972a, b; 1975; Sul et al., 1976; Hollins and Stone, 1980
Jamandas and Dumbrille, 1980; Potter and White, 1980; Jonzon
and Fredholm 1985; Hoehn and Uhite, 1989). Moreover, it was
postul ated that this cycle may be involved in the production
of ammmonia in the brain (Benjamin, 1982). It is interesting
to note that the nitrogens of aspartate are also incorporated

into the purine nucl eotidea (Yudkoff et al., 1987).

EFFECTS OF AMMONI A

With the proposal of netabolic compartmentation of
glutamate, the lmportance of astrocytea in ammonia detoxifi-

cation was recognized. Aa the amall pool of glutamate, loca-
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lized in the astrocytes, waa supposed to be involved in
glutamine synthesis, it was proposed that astrocytes are the
seats of ammonia detoxification (Benjanmin and Quastel,

1972, 1974, 1975). Reportas on the exclusive |ocalization of
gl utam ne synthetase in the astrocytes (Martinez-Hernandez et
al., 1977; Norenberg and Martinez-Hernandez, 1979) provided a
strong support for this hypothesis. Mreover, the swelling,
hydropi ¢ degeneration of astrocytes and formation of Al zhei -
mer Type |l astrocytes were also in agreement with the hypo-
thesis (Zamora et al., 1973; Cavanagh, 1974; Norenberg and

Lapham, 1974; Norenberg, 1976, 1977, 1981).

It was proposed earlier that ammonia detoxification
takes place in a two step process: Initially ammonia lis
incorporated into glutamate {.y reductive am nation of 2-
oxoglutarate in the reacti on mediated by gl utamate dehydroge-
na3e) and the glutamate so formed condenseas with another
mol ecul e of anmonia to form glutamine (glutamine synthetase
reaction). The forme~ process not only depletes 2-oxogluta-
rate fromcitric acid cycle but also converts NADH to NAD
wi t hout the production of ATP. Moreover, glutam ne synthesis
requires ATP. Synergestic action of these two processes woul d
depl etes ATP and adversely affects the astrocytie netabolism

and induces pathol ogi cal changes.

Later investigations revealed no significant changes in
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ATP and 2-oxoglutarate in the brain (Hindfelt and Siesjo,
1971). However, it was argued that the change may take place
in a particular netabolic compartment and thi_. might have
bean lost by dilution with the contents of these components
from ot her compartments during the process of homogen. ut ion.
Despite such argument, several controversial results haze
appeared in the literuture which does not surport the above
contention. Use of *3Nand **N la.e.ledammonia reveal ed that
the amount of *SNincorporated into alpha amino groups of
glutamate and glutamine was |esser than that into the amido
group of glutam ne (Yudkoffet al., 1983; Cooper et al.,
1979; 1985). Moreover, a fall in the glutamate dehydrogenase
activity was noticed in the astrocy*es in hyperamonem c
states (Subbalakshmi and Murihy, 1983; Murthy et al., 1987).
These results suggested that the glutamate produced in gluta-
mat e dehydrogenase reaction may not serve as the precursor
for glutam ne biosynthesis. |t waa denonstrated that gluta-
mat e produced by transamination of other amino acids (eft.
branched-chain am no acids) mght be precursor for glutan ne
bi osynt hesi s (Yudkoff, 1983 a; Jessy, 1989; Jessy et al.,
1989). Whatever may be pathway of production of glutamate
(required for glutam ne biosynthesis), it appears that 2-
oxoglutarate is lost for the detoxification of ammonia. The
only advantage in the transamination pathway seenms to be the

eparing of NADH (used in glutamate dehydrogenase reaction)
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for electron transport chain. However, the losas of cytosolic
pool of glutamate for glutamine biosynthesis in hyperammo-

nemic states would result in the disruption of malate-aspar-
tate shuttle and might affect the oxidation of pyruvate (thus
glucose). Al these effects are supposed to be restricted to

astrocytes (Murthy and Hertz, 1988).

Though it was observed-that the elevated |evels of
ammoniux lonsg in hyperammonemic states might affect the
menbrane potentials by disturbing the ionic gradients (Lux,
1971; Hawkins et al., 1973; Llinas et al., 1974 a, b; Raabe
and Gumnit, 1975; Sadas.vudu et al., 1977, 1979; Benjanmin et
al., 1978; Subbalakshmi and Murthy, 1981; Raabe and Onstad,
1982; Alger and Nicoll, *983; Raabe and Lin, 1983, 1984,

1985; Dabrow ecki and Al brecht, 1985; Raabe, 1986), earlier
inveatigators have not paid nuch attention to the netabolic
changes in neurona under these conditions. Only recently some
observations have been made on the metabolic changes in
neurons in the presence of pathophysiological concentrations
of ammonium ions (Hertz et al., 1987; Mirthy et al.,

1987a, b; Murthy and Hertz, 1938; Lai et al., 1989).
Like wise there are very few studies on nerve endings (synap-
tosomea) and on oligodendrocytea. The only report on the

nmet abolic changes in oligodendrocytes in hyperammonemic

states is that of Jeesy (1989) and Jessy and Murthy, (1989,
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1990 a, b) on the netabolism of branched chain amino acids.

In the present study, efforts are nmade to study the
alterations of glucose netabolism in the three cell types
(neurons, astrocytes and oligodendrocytes) and in synapto-
somes imolated fromthe cerebral cortex of rats rendered
hyperammonemic by the administration of ammonium acetate. In
few cases, the effect of in vitro fortification of pH neutra-
lized ammonium acetate was studied on the cells isolated from
normoammonemic ani mals. As was done earlier, the results

obtained in cell preparations were expressed per cell and per

mg protein.
PRODUCTI ON OF *4COg FROM [U - *4C] GLUCOSE:

Neurons, astrocytea and oligodendrocytea isolated from
the cerebral cortex of hyperammonemic rats were incubated
with [U-'4C] glucose and the production of *4C0Og was neasured
(Tables 5.9 and 5.10). It was observed that in the cells
isolated from both subacute and acute group of rats, the rate
of *4C0e production was enhanced significantly. This ele-
vation was observed irrespective of the npde of expression of
the rate, i.e., per cell or per mg protein. The only excep-
tion was the lack of statistical significance in the ele-
vation in the rate of '4C0g production in the oligodendro-
cytes in subacute states when it was expressed per mg pro-

tein. The magnitude of elevation in all the three cell types
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was higher in acute state than in subacute state. Anpbng the
cell types, the magnitude of elevation was higher in the

ol | godendrocytes than that in astrocytes and neurons. A sim -
lar elevation in the production of *4COs from gl ucose was
observed in the synaptosomes and its magnitude was higher

than that of neuronal perikarya (Table 5.11).

Studi es conducted earlier revealed that the cerebral
gl ucose netabolism is reduced in hyperammonemic sStates
induced by portocaval anastonpsis (Mans et al., 1983).
Hawkins's et al., (1973) reported that the cerebral oxygen
consunption was marginally elevated in rats in acute hyper-
ammonemic states induced by the administration of ammonium
chl oride. However, there are very few studies carried out on
the cells or synaptosomes in the presence of pathophysio-
| ogi cal concentrations of ammpniumions. Hertz et al., (1987)
reported no changes in *'*COe production from ([U-74C] glucose
in primary cultures of astrocytes and of neurons when ammoni a
level s were elevated in the incubation medium They have also
observed no change in the production of COg with pyruvate as
substrate in these cella in the presence of anmonium ionsa.
However, with this substrate, the effects of amonium ion
were shown to be dependent on the presence of glutamine/
glutamate/ aspertate in the medium (Murthyand Hertz, 1988).

In absence of these amino acids, COes production from pyruvate
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was suppressed 1in the presence of pathophysiol ogical concen-
tration of ammnium ions. While summerizing the results,
these authors concluded that elevation of ammonia concentra-
tions weems to have no effect on the COe production from
glucose or pyruvate (Hertz et al., 1987). However, results of
the present study, where in CO, production was elevated in
the cells isolated from hyperammonemic states,were not in

agreenment with their results.

This elevation in glucose utilization may not be due to
increased glucose availability (when conpared to the cells
isolated from normal animals) as the cells isolated from
normal and experinental animls were incubated with sanme
amount of glucose (5 mM). The argument that the plasm nmem
brane of cells from nornal and hyperammonemic ani mals night
have undergone diff-ren. changes during trypsinization nmay
not be valid aa the increased rate of COg production was also
observed in synaptosomes (which are prepared w thout
trypainization) lsolated from hyperammonemic animala. More-
over, the lack of effect of ammoniumions (both 1 and 5m)
under in vitro conditions (Tables 5.9 and 5.10), suggested
that changes mi ght have occured under in vivo conditions and
were retained throughout the isolation procedure. Hence, it
appears that there nmay be differences in the effects of
ammoni a on the netabolismof brain cells in in vivo condi-

tions and in cultures.



The increase in glucose oxidation by cells and synapto-
somea |solated from hyperammonemic animals may be a response
to the increased energy demands under these conditions. It 1ia
known that hyperammonemic states stimulate Na*, K* ATPase
(Sadasivudu et al ., 1977, 1979; Subbalakshmi and Murthy,
1983; Subbalakshmi, 1984) and influx of Na* into the brain
cells (Benjaminet al., 1978). The latter process not only
upsets the ionic gradients but also stinulates the Na*, K* -
ATPase. |t has been established that about 1/3 of the total
energy in brain is spent on the maintenance of ionic
gradients and sodium punp activity even under normoammonemlic
states (Berl, 1971). Stinulation of the activity of this
enzynme would result in increased utilization of ATP and
production of ADP. The latter compound might act as a stinu-
lant for cerebral glucose netabolism Further, increased
production of glutamine also enhances the fornation of ADP.
Production of ADP might also be stinulated due to an increase
in COp fixation in brain in hyperammonemic states (Berl,
1971). The stinmulation of glucose nmetabolismcan occur at
different stages. Under such conditions, binding of hexo-
kinase to the mtochondria mght be promoted. This would
increase the rate of phosphorylation of g®icose and gl ucose
uptake. It would al so enhance the activity of phoaphofructo-

ki nase and the conversion of inactive fornms of pyruvate and



2-oxoglutarate dehydrogenases into nore active forms. More-
over, changes in ADF levels would also bring about the con-
firmational changes in mitochondria (orthodox atate to
condensed state) and enhance the activity of electron

transport chain (DeRobertis and DeRobertis, 1975).

The reason why such changes occur only under in vivo
states but not in in vitro conditions is not known at
present. It is possible that. the breakdown of blood brain
barrier in hyperammonemic states in in vivo conditions m ght
al l ow other conponents of plasm which may bring about such
changes. Sorme of these blood conponents could be hormones as
hyperanmonem ¢ states are known to alter the ratio of insulin

to glucagon in plasng.

If this change in glucose oxidation waa to be true,
then corresponding changes should also occur in the levels of
various internmediates and in the activities of enzymes of
glucose netabolismand in the levels of ADP and ATP. Keeping
this in view, the levels of intermerlates and the activities
of the enzymes were determined along with the levels of ATP

and ADP.

Fol l owi ng the incubation with glucose, the cellular
contents of glucose-6-phosphate were elevated in neurons,
astrocytes and ol l godendrocyte3 and in synaptosomes isol ated

from hyperanmmoneni ¢ ani mal s. However, the elevation in
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@lucose-6é-phosphate content in the cells isolated from sub-
acute an mals was not statistically significant. The nagni -
tude of elevation in the content of thia metabolite was
higher in -“igodendrocytes than in neurons a:r? astrocytes.
Among the latter two cells, it wa:= higher in neurons than in
astrocytes. The percent increase in g.ucose-6-phosphate con-
tent in neurons and synaptosomes, isolated from acute hyper-
ammonemic rats and incubated with glucose, was more or |eas
similar. Iacubation of cells isolated from normal animalas
with glucose in the presence of 1 and 5 mM ammonium acetate
brought ubout changes which are simlar to subac:te and acute

states respectively (Tables 5.20 to 5.22).

The content of fruc*tose-é6-phosphate was al so el evated
in the cell preparations and in synaptosomes of hyperammo-
nemic rats after they were incubated with glucose (Tables
5.23 to 5.25). The only exception to thia was seen in oligo-
dendrocytes wherein the increase in fructoame-é~phosphate when
expressed per mg protein was not atatiastically significant. A
simlar change was seen in the content of phosphoenolpyruvate
in the three cell types and in eynaptosomes of the cerebral
cortex of hyperammonemic rate (Tables 5.26 to 5.28). Howevar,
the increase in - *“oasphoenolpyruvatecontent waa not statis-
tically significant in the neurone isolated from the cerebral

cortex of rats adm nistered with aubacute dose of amonium
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acetate. This was also seen in oligodendrocytes when the
phosphoenol pyruvate content was expressed per mg protein.
Changes in pyruvate content in the cells ar synaptosomes
closely followed that of phosphoenolpyruvate, though these
changes in subacute Sstates were not statistically significant
in the cells and were marginal in synaptosomea. However, in
the cell preparations from acute states, pyruvate content was
enhanced to a great extent and all these changes were statis-
tically significant (Tables 5.29 to 5.31). Irrespective of
tue mode of expression of the content and state of hyperammo-
nemia, there were no statistically significant changes in the
lactate content in the isolated neurons, astrocytes, oligo-
dendrocytes and in aynaptosomes after they were incubated
with glucose (Tables 5.32 to 5.34). This is in contrast to
the changes observed in the cytosol and mitochondria where in
the lactate content decreased under sinmilar conditions

(Table 4.15).

The increase in glucoase-6-phosphate levels in the cere-
bral preparations is simlar to that seen in the cytosol and
m tochondria and this could be due to either increased
glucose supply or due to an elevation in the activity of
hexokinase. The former effect could be due to changes in the
rate of transport of glucose by the glucose carrier. However
as the cells are already highly pernmeable to glucose (indi-

cated by high rates of +4CQ0s production from glucose when
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compared With the rates in cell cultures, Yu et al., 198E ;
Hertz et al., 1988; Roeder et al., 1988; Lai et al., 1989)
Moreover, an elevation of glucose-6¢-phosphate content in the
cytosol (in which the question of permeability does not

arise) prepared from hyperammonemiC rat cerebral cortex
supports the above reasoning. The increase in glucose-6-
phosphate due to changes in the activity of hexokinase could
be due to the enhanced binding of hexokinase to mitochondria
or incre:zed utilization of glucoase-é6-phoaphate by which feed
back inhibition on the enzyme would be relieved. Unhatever

may be the mechanism, increased glucose phoaphorylation pro-
notes the utilization of glucose in these preparationa. As
the uptake of glucose is supposed to be dependent on the rate
of its phosphorylation, increased glucose-6-phoaphate fornae-
tion mght even pronote glucose transport. The increase in
glucose-6-phoaphate due to reduced rate of its utilization,
an alternate possibility could be ruled out as the |evels of
other glycolytic intermediates and COq production are also

enhanced under these conditions

Since glucose-6~phosphate and fructose-é-phosphate are
equilibrated through hexose phosphate isomerase reaction,
this also suggested increased glucose-6-phosphate |evels and

its channelling into glycolysais.

El evation in the levels of phosphoenol pyruvate and
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pyruvate also support the above idea of increased rate of
glycolysis in the cells and synaptosomes in hyperanmmonenic
states. Ano*ther possibility for an increase in the levels of
some of the glycolytic intermediatea could be due to gluco-
neogenesis which might ultimately lead to glycogen synthesis.
Though there are reports that chronic hyperammonemic states
increase glycogen deposition, a fall in the cerebral glycogen
content was demonstrated in acute hyperammonemic States
(Hawkins et al., 1973). Mreover, gluconeogenesis either does
not occur or occurs at a negligible rate in brain (Scrutton
and Utter, 1968; Ide et al., 1969; Phillips and Coxon,
1975; Ma jumdar and Eisenberg, 1977; Swanson et al.,
1990). Hence, such a possibility may be ruled out. The
increase in phosphoenol pyruvate due to the decarboxylation of
oxal oacetate by phosphoenol pyruvate carboxykinase nay be
ignored as the reversal of this reaction (i.e., COe fixation)
was shown to be promoted in brain in hyperammonemic states.
Al these results suggested an increase in glycolysis in

brain in hyperanmmonem c states.

Unaltered levels of lactate in the cells and aynapto-
somes, isolated front hyperanmonemic rats and incubated with
gl ucose, was surprising. Reports available so far indicate
that the lactate content is enhanced in brain in various
ani mal nodel s of hyperammonemia (Hawkins et al., 1973; Adans

et al., 1979; Raabe and Lin, 1984; Jessy et al., 1990). It
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was proposed that due to the interference with the operation
of malate-aspartate shuttle in brain in hyperammonenc
states, an increased conversion of pyruvate to lactate isa
supposed to occur in order to regenerate the cytosolic NAD
from NADH. Infact, an increase in |lactate/pyruvate ratio that
is observed in hyperammpnenic states is taken as an index for
an increase in cytosolic NADH NAD. However, the present
observation fails to support this view The precise reason
for such a discrepancy is not known. It nust be nentioned
that in all the earlier studies where an elevation was obser-
ved in lactate content, usually extracts of whole brain were
used. Hence, the possibility of Increame in |actate content
in regions other than cerebral cortex can not be ruled out.
If this were to be true, then the increase in lactate con-
tent, in whatever region(s) occurs, must be much greater in
order to nullify the lack of change observed in the cerebral
cortex. In contrast to the earlier studies, the cells iso-
lated from the brains of hyperanmonenic animals were used in
the present etudy. Uith an assumption that the changes
occured under in situ conditions survive the isolation proce-
dure. Mreover, this discrepancy of lactate content can not
be ascribed to the trypsin treatnent as a similar change ia
noticed in synaptosomea which are not subjected to trypsini-
zation. It is interesting to notice that Benjamin et al.,

(1978) have reported an increase in lactate content when
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brain slices were incubated with ammonium chloride and they
observed that the magnitude of increase is proportional to
the ammonium chloride concentration in the medium. However,
in these studies they have used slices from the cerebral
cortex of normoammonemic animals. It is possible that the
final out come of the brain netabolismwhen all the three
cell types are present together could be different when a
cell type is present alone. Though the slices are considered
to be near physiological systems resenbling the in vivo
conditions, estimated levels of a conponent (netabolite,
enzyme, uptake etc.,) represents the algebric sum of the sane
in neuronal perikarya, axonas, dendrites, nerve terminals,
astrocytes, myelin and oligodendrocytes and thus it can not
be ascribed to any subcellular or cellular conponent.

The increase in pyruvate but not in lactate observed in
the present study would be physiologicially advantageous as
more pyruvate would be nade available to the citric acid
cycle and the deleterious effects of lactate accunulation
woul d be avoi ded. However, increase in pyruvate fornation
through glycolysis with out any change in lactate fornation
woul d necessiate an alternate route to regenerate cytoaolic
NAD* from NADH. This nay be through the operation of an
alternate shuttle such as -glycerophoaphate shuttle. It la
al so possible that the mitochondrial fragnents (forned due to

the rupture of population of mtochondria which are vulnae-
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rable to elevation in ammonia |levels, earlier mght also

participate in the regeneration of NAD*.

These studies on metabolites of glycolytic pathway
indicated that the glycolysis mght be enhanced and there
m ght be an increased conversion of glucose to pyruvate in
the three cell types and in nerve endings in brain in hyper-
ammonemic states. In addition to the studies on the metabo-
lities, studies were also conducted on the activities of
enzynes of glycolytic pathway in the three cell types and in
synapt osones isolated from the cerebral cortex of hyper-
ammonemic rats. Such studies would help in understanding the
changes in netabolite levels under these conditions. As was
described earlier, activities of these enzymes were expressed

either as cellular activity or as specific activity

The cellular activity of hexokinase was elevated in the
neurons and oligodendrocytes in the subacute state of ammonia
toxicity while in acute states this response was seen in all
the three cell types (Table 5.35). However, when the specific
activity was taken into consideration no statistically signi-
ficant changes were observed in the hexokinase activity in
neurons and astrocytes while it was elevated in oligodendro-
cytes in both the conditions (Table 5.35). Irrespective of
the node of expression, the activity of phosphofructokinae

was enhanced in all the cell types (Table 5.36). The response



of aldolaae was also simlar to that of phosphofructokinase
except that the increase in the specific activity of this
enzyme in neurons in subacute state was of |esser magnitude
than the cellular activity and was statistically not signi-
ficant (Table 5.37). In the subacute states of anmmonia toxi-
city, glyceraldehyde-3-phosphate dehydrogenase activity was
not significantly different fromthe controls in the neuronal
peri karya and astrocytes while the elevation in the activity
was statistically significant in the oligodendrocytea. How
ever, in the acute states, both the cellular and specific
activities of this enzyne were enhanced in all the three cell

types (Table 5.38).

The cellular and specific activities of enolase were
unaltered in the neurons and in oligodendrocytes in subacute
hyperammonemic while they were elevated in astrocytes under
these conditions. However, in acute hyperammonemic states
enol ase activity was enhanced in all the three cell types and
this was seen irrespective of the mode of expression (Table
5.39). The changes in the cellular and specific activities of
pyruvate kinase in all the three cell types in subacute
states of ammonia toxicity were not statistically signi-
ficant. In acute hyperammonemic states, cellular activity of
this enzyme was enhanced only in the oligodendrocytes while

the changes in the neuronal and astroglial activities for



this enzyme were once again statiastically not significant.
However, the elevation in the specific activity of this
enzyme was statistically significant in all the three cell

types in acute hyperammonemic states (Table 5.40).

The cellular activity of lactate dehydrogenase (in the
direction of lactate formation) was marginally enhanced only
in the oligodendrocytes in both subacute and acute hyper-
ammoneni ¢ states. The changes observed in the specific acti-
vity of this enzyne were different fromthe cellular acti-
vities only in the oligodendrocytes wherein the change in the
specific activity was statistically not significant. The
cellular and specific activities of this enzyme in astrocytes
were unaltered in subacute hyperamonenic states while it was
suppressed in acute hyperammnenic states (Table 5.41). Lac-
tate dehydrogenase activity, when assayed in the direction
of pyruvate formation and expressed per cell, did not show
any significant change in all the three cell types in aub-
acute hyperammonenm c states. While in the acute states, a
margi nal elevation in the activity of this enzyme, observed
in the astrocytes and oligodendrocytes, was statiatically
significant. Changes in its specific activity were nore or
less simlar to that of cellular activity except in the
astrocytes and neurons isolated from the acute group of
hyperammonemic rats. In theae two cell types the magnitude of

el evati on was nmuch |easer and statistically not significant.



The activity of |actate dehydrogenase (in the direction of
pyruvate formation) did not show any statistically signi-
ficant change in oligodendrocytes in both acute and subacute

hyperammonemic States (Table 5.42).

Though the response of the enzymes were nore or |ess
same in all the three cell types, there were subtle diffe-
rences anong the cell types which indicated the heterogenity
of the metabolism and of the response of these cells to a
given nmetabolic ineult. The |lack of change in hexokinase
activity in the astrocytes in subacute hyperammpnem c states
could be due to the already prevailing higher activity of
this enzyme in these cells when conpared to the other cells.
As a result of this, the astrocytic enzyme coul d conpensate
the marginal increase of glucose nmetabolismw th out exhi-
biting a significant change in its activity. Increased acti-
vity of this enzyne observed in the other cell types and also
in the astrocytes in acute state would result in an enhanced
production of glucose-é-phoaphate in all these cells. In
fact, such an increase was observed in glucose-é6-phoaphate
content not only in the lsolated cells (present study),
and also in the whole brain extracts. The glucose-6-phos-
phate, so produced, can be utilized for synthesis of glycogen
or in hexose monophoaphate ahunt and/or glycolytic pathway.

The former pathway i.e., glycogen synthesis is present in
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astrocytes (Scruttonand Utter, 1968; Ide et al., 1969;
Phillips and Coxon, 1975; Majundar and Ei senberg, 1977;
Swanson et al., 1990). It wae also reported earlier that the
glycogen content of the brain would decrease in the acute
states (Hawkins et al., 1973) while in chronic states of
hyperammonemia the glycogen content is enhanced (Cavanagh and
Kyu, 1971; Zamora et al., 1973; Cavanagh, 1974; Norenberg
and Lapham, 1974; Norenberg, 1977, 1981). As the turnover
rate of glycogen la very high in the brain (Lowy et al.,
1964; Watanabe and Passonneau, 1973; Karnovsky et al.,
1980), it is atill quite possible that sone amount of glu-
cose-6-phoasphate may still be involved in glycogen synthesis
in hyperammonemic states. The details about the operational
rates of hexose monophosphate shunt in the cells isolated
either from normal or hyperammonemic states are not available
in the literature. It may be mentioned that the increased
production of glucoase-é-phosphate in these cells would pro-

mote the influx of glucose into the cells.

The increase in the phoaphofructokinase activity in all
the three cell types could be due to the direct effect of
ammonia on the enzyme and this would allow the rapid conver-
sion of fructose-é-phosphate t0o fructoase-1,é6-diphosphate. The
enhanced al dol ase activity would help in channelling nore of
fructose~-1,6-diphosphate into the glycolytic pathway by

formng triose phosphates. The enhancement in the activity of
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glyceraldehyde-3-phosphate dehydrogenase, atleaat in acute
hyperammonemic states, would channel these triose phosphates
towards the later parts of glycolytic pathway. Enhancenent in
the enolase activity in these cells in hyperammonemic States
woul d pronpte the producti on of phosphoenolpyruvate. The
pattern of changes, observed in the enolase activity and
phosphoenol pyruvate content (after incubation with glucose),
were observed to be parallel in all the cell types.

Though the activity of pyruvate kinase, was enhanced in
homogenates and subcellular fractions in hyperammonemic
states, there was no change in the activity of this enzyme in
subacute states in all the three cell types, while in acute
state the elevation in the activity of this enzyne was seen
only in the oligodendrocytes. However, it must be nentioned
that the contribution of oligodendrocytes to the netabolism
of cerebral cortex would be |easer than that of astrocytes or
neurons. This is because of the fact that both the nunmber of
oligodendrocytea and the pyruvate kinase activity in theae
cells were lesser than that of the other two call types
(Tables 5.6 and 5.40). However, activity of pyruvate kinase,
which is about 7-8 folds higher than the earlier enzynes of
glycolytic pathway, might facilitate greater utilization of
phosphoenol pyruvate (even if not stimulated) in the neurons
and astrocytes in hyperammonemic states. Sone of the phos-

phoenol pyruvate, atleast in the astrocytes, would be used for
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the production of oxal oacetate by way of CO, fixation. Under
these conditions, reported elevation of this process in

astrocytes (Berl, 1971) woul d support such a possibility.

The lack of changes in |actate dehydrogenase activity
(pyruvate to lactate) in the cells isolated from the brains
of subacute hyperammonemic animals was simlar to the content
of lactate. A similar profile of this enzyne and the product
of its reaction were observed in neurons of acute hyper-
ammonemic aninels when they (cells) were incubated with glu-
cose. However, under these conditions the astrocytic lactate
content waa unaltered while lactate dehydrogenase activity
was suppressed. In the ol igodendrocytes, under these condi-
tions, there waa a marginal but statistically significant
elevation in lactate dehydrogenase activity but |actate con-
tent was unaltered. The precise reason for the discrepancy is

not clear at this time.

As differences in the netabolism of the neuronal per 1-
karya and the synaptosones were shown earlier, responses of
enzymes of glycolytic pathway in hyperampnenic states were
al so studied in these two neuronal preparations. While com
paring the activities of the enzymes in these tw prepa-
rations, only specific activities were taken into account.

In general, the changes in the activities ot glycolytic

enzynes in the synaptosones and in the neuronal perikarya
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were nore or leaa simlar with few exceptions. The specific
activity of hexokinaae, increased in the neuronal perikarya
as well as in the synaptosomea both in subacute and acute
conditions. However, the changes in the hexokinase activity
in neuronal perikarya were statistically not significant in
both the hyperammonemic states while the change in the acti-
vity of synaptosomal hexoki nase was significant only in the
acute condition (Table 5.35).

The changes observed in the phosphofructokinase acti-
vity were simlar in both these preparations in acute and
subacut e hyperammoneniic states except that the magnitude of
change was much high in synaptosomal fraction when conpared
to the neuronal perikarya (Table 5.36). The changes in the
al dol ase activity were also simlar under these experinental
conditions in both the preparations but for the |ack of
statistical significance in the elevation of the enzyne acti-
vity in neuronal perikarya in subacute states (Table 5.35).
The changes in the glyceraldehyde-3~phosphate dehydrogenase
activity were more or leaa same in both these preparations
whil e those of enolaae and pyruvate kinase were simlar to
that of aldolase (Tables 5.38 to 5.40). Lactate dehydro-
genase activity waa suppressed to a greater extent in the
synaptosomal fraction in subacute states of anmponia toxicity.
In the acute states, it waa more in the neuronal perikarya,

though the change was not statistically significant (Table
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5.41). Activity of this enzyme when assayed in the reverse
direction was enhanced only in the synaptosomal fraction in

both subacute and acute states (Table 5.42).

The possible changes in the glucose metabolism due to
the administration of the pathophyasiological concentrations
of ammoni um acetate were sane both in neurons and synapto-
somes and these changes have already been discussed. How-
ever, any snall change that is observed in synaptosomes woul d
anplify when the total contribution of these two preparations
to the cerebral glucose nmetabolismis taken into considera-
tion because of the fact that the nunber of aynaptosomea are

greater than that of neuronal perikarya.

Al these studies indicated that the flow of glucose
carbon through the glycolytic pathway night be enhanced in
all the three major cell types of brain by the presence of
pat hophysi ol ogi cal concentrations of ammonium ions, with few
exceptions. This suggestion is supported by the changes
observed in the intermediatea of glycolytic pathway in the
whol e brain in acute hyperamonem c states. However, this
concept would contradict the hypothesis that the operational
rates of the glycolytic pathway m ght be affected in the
hyperammonemic states due to alterations in the transport of
reduci ng equival ents across the mitochondrial membranes.

This would also contradict the reduced glucose utilization



observed in the brain in chronic hyperamonen c states. It
is quite possible that the changes induced by ammoni um ions
in the acute conditions could be totally different from those
seen in chronic conditions. Further, operation of some com
pensatory mechanisme to regenerate the NAD* in the brain in
hyperammonemic states might facilitate the utilization of

gl ucose under these conditions.

The increase in COs production fromglucose and in the
contents of glycolytic intermediates suggested that the fur-
ther utilization of pyruvate mght also be enhanced in
hyperammonemic St ates. In the past, several investigators
have determ ned the levels of citric acid cycle intermediates
in the brain in various animl nodels of hyperammonemic
states and several controverslies have surfaced in these stu-
dies. Though the citric acid cycle commenses with the
condensati on of acetyl CoA with oxal oacetate to formcitrate,
there are no reports on the acetyl CoA content under these
conditions. This mght be due to very low levels of acetyl
CoA or the labile nature of this conpound. Hawkins et al.,
(1973) and Jessy et al., (1990) have determined citrate
content in the freeze-blown brains of rats administered with
amoni um acetate and urease respectively. They reported no
significant changes in the levels of this metabolite in both
the animal nodels of hyperamopnemic states. There are no

reports on the cerebral contents of isocitrate in hyperammo-
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nemic states while the reports on the levels of 2-oxogluta-
rate content in brain under these conditions are numerous
These reports nmay be categorized into three groups based on
the direction of changes, viz.,those in which (a) an ele-
vation (b) a decrease and (c) no change have been observed
Vergara et al., (1973) reported that the 2-oxoglutarate cON-
tent in rat brain increased from +33* to +133% depending on
the cerebral ammownia | evels. O Connor et al., (1984) observed
a marginal elevation in 2-oxoglutarate content in the brains
of mice injected with 12mM ammonium acetate. However, Shorey
et al., (1967) observed a consistent fall in the cerebral 2-
oxoglutarate content with tine after injecting ammoni um
acetate to rats. Similarly, Raabe and Lin (1984) also obser-
ved a decrease in the 2-oxoglutarate content in the spinal
preparations of rats injected with ammonium acetate. A fal
in the cerebral 2-oxoglutarate content was also reported by
Jessy et al., (1990) in the brains of rata rendered hyper-
ammonemic by the administratlon of urease. However, Mans et
al., (1984) reported no changes in cerebral 2-oxoglutarate
content in the rats even after 7 weeks of portocaval shunt.
Di screpancies in these results mght to be due to variations

in the species, node and duration of hyperammmonenii a.

A similar conflict is also seen in the results on the

malate content in brain in hyperammonemic states. Hawkins et



al., (1973) and Hindfelt and Siesjo (1970) have reported an
increase while Mans et al., (1984) reported a decrease in the
cerebral nmmlate content in the brains of Long Evans rats
after portocaval shunting. However, these investigators
reported an elevation of malate content in the brains of
Sprague Dawly rats under simlar conditions (Mans et al.,
1984). Oxal oacetate being an unstable netabolite was not
investigated thoroughly. However, Hawkins et al., (1973)
calculated the levls of oxaloacetate from the concentrations
of pyruvate, mmlate and lactate and the equilibrium constants
of mal ate dehydrogenase and | actate dehydrogenase. They
reported a 22% decrease in cerebral oxal oacetate content in
rats administered with an acute dose of ammonium acetate.
However, no studies were carrried out to localize the changes
in the nmetabolites in aubcellular or cellular compartments or
to study the abilities of the cerebral preparations of
hyperammonemic rats to netabolize glucose. Such an attenpt
has been made in the present atudy by incubating the cerebral
preparations of normal and also of hyperammonenic rats with
glucose and estimating the levels of the citric acid cycle
intermediates.

Irrespective of the mode of expression, the |levels of
citrate showed no significant changes in the neurons of
hyperanmonem ¢ rats (both subacute and acute) when they

(cella) Were incubated With glucose. In the astrocytes and



oligodendrocytes, under these conditions, there were no sig-
nificant changes in the cellular citrate content of subacute
group of animals while the sane was elevated in the cells
isolated from acute group of rats. The magnitude of change in
the oligodendrocytes of acute group of rats was |ower than
that of astrocytes and was statistically significant only
when the content was expressed per cell (Tables 5.43 and
5.44). |socitrate content was unchanged in the three cel
types of brains of subacute hyperammonemic rats when they
were incubated with glucose while there was an elevation in
the content of this metabolite in the preparations from acute
group of animals (Tables 5.46 and 5.47). Levels of 2-oxo-
glutarate were elevated in the neurons and oligodendrocytes
of the brains of hyperammonenic (both subacute and acute)
rats. However, in aatrocytea, the increase in 2-oxoglutarate
waa significant only in the acute group (Tables 5.49 and
5.50). There were no statistically significant changes in the
malate content in the neurons and astrocytea of subacute
group of rats when they were incubated with glucose. However,
in the oligodendrocytes, under the sane conditions (Tables
5.52 and 5.53), there was a statistically significant
increase in malate content. When incubated with glucose, the
levels of this intermediate in all the three cell types of
acute hyperammonenic rats were enhanced and the magnitude of

el evation was nore in oligodendrocytes when conpared to neu-



rons.

There were no statistically significant changes in the
contents of citrate and isocitrate in synaptosomes of hyper-
ammonemic rats when they (synaptosomes) were incubated with
glucose (Tables 5.45 and 5.48). However, 2-oxoglutarate
content was increased in the synaptosomes under these condi -
tions and the magnitude of increase was higher in acute than
in subacute group (Table 5.51). A simlar profile of changes
was seen in the synaptosomal malate content except that the
increase observed in the synaptosones of subacute group of
animls waa statistically not significant (Table 5.55). Thua,
the changes observed in the contents of metabolites in synap-

tosomes and neuronal perikarya were simlar except for iso-

citrate.

The lack of changes in the citrate content in neurons,
and synaptosones in hyperammonemic states is simlar to that
observed in the whole brain extracts (Hawkins et al., 1973).
Though there was an elevation in the citrate content in
astrocytes and oligodendrocytes Of acute group of aninals,
the overwhel mi ng popul ation of nerve termnals (synaptosones)
might mask the changes in these tw cells particularly astro-
cytes under in vivo conditions. The increase in citrate
content in astrocytes could be due to ita increased rate of
synthesis or decrease in the rate of its utilization. There

are only two reactions that utilize citrate and they are cis-
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aconitase and citrate lyase. The enzyme citrate lyase is
supposed to be localized in the cytoplasm and involved in the
supply of acetyl CoA for 1lipid synthesis (Srere, 1959; Tucek,
1967a; Smith et al, 1970; Szutowicz et al., 1974

1976a,b, ; Szutowicz and Lyaiak, 1980). Though astrocytes
synthesize lipids of their own plasma menbrane, it is gene-
rally believed that this process occurs at much a slower pace
when conpared to citrate utilization in citric acid cycle
(Lopes-Cardozo et al., 1986). Moreover, the brief duration of
exposure of cells to in situ hyperammonemic State nmight not
have brought a remarkable change in the conposition of
menbrane |ipids (which are turned over at relatively |esser
rates) to warrant their synthesis. Though citrate is also
used in the exchange transport of malate by the tricarboxy-
late carrier, this carrier is supposed to transport citrate
into the mitochondria and its presence in the brain mito-
chondrial preparations is not well established. The other
reaction which utilizes citrate is cis-aconitase. |f this
reaction is slowed down in amonia exposed cells, then the
isocitrate |levels should have been low, which is not the case
in present studies. The conversion of isocitrate to 2-o0xo-
glutarate by NAD* dependent mitochondrial isocitrate dehydro-
genase is a highly exergonic process and is supposed to be
irreversible. Hence, this reaction pulls the aconitase reac-

tion forward by rapidly converting isocitrate to 2-oxogluta-
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rate.

The increase observed in 2-oxoglutarate |levels, could
al so be due to increased synthesis or decreased degradation.
However, the major difference in tnis netabolite and citrate
is that 2-oxoglutarate is produced and utilized in many more
reactions than citrate. The major non-citric acid cycle
source for 2-oxoglutarate production is glutamate and the
reactions involved are either transamination or oxidative
deamination. Though there are several aminotransferases in
the brain, the activity of aapartate aminotransferase la
greater than the others (Benuck et al., 1971). Activity of
this enzyme is suppressed in the brain in hyperammonemic
states. Suppression of this reversible reaction, mght
restrain the formation and utilization of 2-oxoglutarate.

Al ani ne aminotransferase, the activity levels of which are
next to aapartate aminotranaferase, Wwas also suppressed in
brain in hyperamopnenic statea (Ratnakumari et al., 1985,
1986; Ratnakumari and Murthy, 1989, 1990). Further, glutamate
dehydrogenase, Wwhich nediates the reversible interconveraion
of glutamate and 2-oxoglutarate, is also suppressed
(Subbalakashmi, 1984). Hence, it appears that the formation or
utilization of 2-oxoglutarate from glutanate is suppressed In
hyperammonemic states. Though 2-oxoglutarate is transported

out of the mitochondria by the dicarboxylate carrier
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(Chappel | and Haarhoff, 1967; Chappell, 1968; Klingenberg
1970; Brand and Chappell, 1974 a, b), it requires nmlate
for exchange and the 2-oxoglutarate is once again regenerated
(see malate-aspartate shuttle). Al these point out to the
possibility of increased 2-oxoglutarate formation in the
citric acid cycle in the three cell types and nerve terminalsa

in brain in hyperammonemic states.

Mal ate is the penultimate internmediate of citric acid
cycle and is formed from fumarate by the action of fumarase.
It is also formed from oxal oacetate by the enzynme malate
dehydrogenase. The latter enzyne is also responsible for its
conversion to oxal oacetate and the continuation of citric
acid cycle. Though nal ate dehydrogenase activity is reversi-
ble, in the mtochondria it usually proceeds in the direction
of oxal oacetate formation due to the high ratios of NAD*/NADH
(Siesjo, 1978). Accumulation of malate in all the three cel
types and in synaptosomea, could be due to increased funarase
or nmal ate dehydrogenase (oxaloacetateto nmlate) or decreased
conversion of malate to oxaloacetate. The latter nay be due
to unfavourable NAD*/NADH ratio or due to the suppression of
mal at e dehydrogenase in the direction of oxal oacetate forna-
tion in hyperamonenmic wetates. Moreover, it has been denon-
strated that the nmlate generated in the cytosol (by malate-
aspartate shuttle) is the primary source for the malate in

the mtochondria (Brand and Chappell, 1974b; Beck et al.,



1977; Cheeseman and Clark, 1988) and any interference to
either the production or transport of malate from the cytoaol
to mitochondria would affect the operation of citric acid
cycle by inhibiting the pyruvate dehydrogenaae activity and
the production of citrate (Cheeseman and Clark, 1988; Murthy
and Hertz, 198%). If so, the production of nmalate from
fumarate appears to be of |ess inportance. Thias 1ls under-
standabl e as the conversion of succinate to fumarate (by
succi nate dehydrogenase) would be less due to very |ow
activity of the enzyme. As was mentioned earlier, fumarate
levels are very low in the brain when conpared to succinate
or malate (Coldberg et al., 1966; Folbergrova et al., 1974a,
b; Carlsson et al., 1975; Norberg and Siesjo, 1975b, 1976).
Hence, while considering the accumulation of malate, this
should be taken into account. Aa mmlate ia produced in the
cytosol also (cytosolic nal ate dehydrogenase, oxal oacetate to
mal ate), 1t is possible that some of this nmlate mght belong
to cytoaolic pool. Uth the information available, it ia not
possible to identify the subcellular localization of the pool
of malate in which change has occured. In such a case, it
will also be difficult to explain the precise or even the

possi bl e mechanism for this increase in malate content.

Anot her possibility for the elevation in citric acid

cycle in cells and synaptosomea intermediates could be the
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fall in their utilization in the citric acid cycle during
hyperammonemic states. If this were to be so, some of the
changes observed in the netabolites in the present study can
not be explained. For exanple the changes in citrate (un-
altered) and isocitrate levels (elevated). These two interne-
diates are equilibrated by the aconitase action. Under equi-
librium conditions, the ratio of citrate to isocitrate is
93:7. Even if the aconitase activity is suppressed, the

equi librium concentrations should not be affected to such an
extent where the profile ia entirely reversed (either
[citrate] = [isocitrate] or [iaocitrate] > [citrate]). More-
over, the segment of citric acid cycle between succinate and
oxal oacetate ia reversible and any acumulation of these neta-
bolites should have its influence on this segment of the
citric acid cycle. Further, increased CO. production from
glucose also rules out such a possibility unless the hexose
monophosphate shunt is activated to a level as to conpete
with glycolysis. If such a change occurs, it would be un-
favourabl e as the operation of hexose monophosphate shunt
results in the production of NADPH which brings down the
cytosolic redox state. The changes in the nmetabolites, as
artifacts due to the trypsin treatment of cells mght also be
ruled out since similar changes were also seen in aynapto-

somes Whi ch are not exposed to trypsin.

These results suggest the possibility of an enhancenent
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in the operation of citric acid cycle. If this were to be
true, then a parallel change should be observed in the acti-
vities of citric acid cycle enzymes. Excepting our reports on
the activities of citric acid cycle enzymes in homogenates
and subcel lular fractions (Ratnakumari et al., 1985, 1986
Ratnakumari and Murthy, 1989, 1990), no information is avai-
lable on the activities .of citric acid cycle enzynes in
cells. Hence, in the present study the activities of the
citric acid cycle enzymes were determned in the neurons,
astrocytes, oligodendrocytes and in synaptosomea iSol ated
front the cerebral cortex of hyperammonemic rats. These acti-
vities were conpared with those of normal aninals

Foll owi ng the administration of pathophysl ol ogica
concentration of ammonium acetate there were no statistically
significant changes in pyruvate dehydrogenase activity in the
neuronal perikarya in both acute and subacute conditions
However, under these conditions, cellular activity of this
enzyme was enhanced to a significant extent in astrocytes and
oligodendrocytes. In the astrocytes the nmagnitude of increase
was higher in acute conditions than in subacute condition
while in oligodendrocytes it was same in both the states of
hyperammonemia (Table 5.61). Citrate synthetase activity was
enhanced in the neuronal perikarya in acute and subacute
states of hyperammonemia. Though a simlar observation was

made in the astrocytes for the cellular activity of this
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enzyne, the magnitude Of change was much less in these cells
when conpared to the neuronal perikarya. The increae in the
cellular activity of citrate aynthetaae in the oligodendro-
cytes was narginal and statistically not significant in
subacut e hyperammonemic states. |In acute hyperammonemic
states the increase in the activity of this enzyme was

statistically significant (Table 5.62).

Cellular activity of isocitrate dehydrogenase was
enhanced in all the three cell types in both the hyperammo-
nemic states. The magnitude of the increase in the cellular
activity of this enzyme was higher in the acute state than
that in subacute state in the neurons and astrocytes. Though
a simlar change was observed in the oligodendrocytes, the
magni tude of difference between acute and subacute states waa
not as high as in the other two cell types (Table 5.63).

Foll owi ng the administration of ammponium salt, there was an
elevation in the cellular activity of 2-oxoglutarate dehydro-
genase in all the three cell types except that the change in
the oligodendrocytes in subacute atates was narginal and
statistically not significant. The magnitude of increase in
the activity of this enzyne was higher in the acute states
than in the subacute atates and this difference was nmuch nore
in the astrocytea than in neurons (Table 5.64). A simlar

trend was noticed in the cellular activities of succinate de-
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hydrogenase. In the acute and subacute states of hyperanmo-
nemia, the magnitude in the elevation in the activity of thie
enzyme was much higher in the astrocyteas than the neurons and
ol i godendrocytea under these conditions (Table 5.65).

Unli ke the changes in the activities of 'these enzymes,
malate dehydrogenase activity when assayed in the direction
of oxal oacetate formation was suppressed to a significant
extent only in the neurons in both acute and subacute hyper-
ammonemic states. Under these conditions, the activity of
astrocytic malate dehydrogenase was marginally suppressed
only in the acute states, while in the oligodendrocytes there
were no statistically significant changes (Table 5.66). Acti-
vity of thia enzyme when measured in the reverse direction
was marginally elevated in neurons in the subacute state
while there were no statistically significant changes in the
activity of this enzyme in aatrocytes and oligodendrocytes
(Table 5.67).

The profile of changes in the activities of the enzynes
of citric acid cycle when expressed per mg protein were
simlar to the cellular activities with few exceptions
(Tables 5.61 to 5. 67). These were (1) enhancenent in the
pyruvat e dehydrogenase activity in the neuronal perikarya in
acute hyperammonemic state (Table 5.61) (2) lack of change in
the activity of citrate synthetase in the neuronal perikarya

in subacute state and in the oligodendrocytes in the acute
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state (Table 5.62) (3) enhanced activity of malate dehydro-
genase in the astrocytes and statistically insignificant
changes in the activity of the sane enzyme in the oligo-
dendrocytes in both acute and subacute states of hyperammo-
nemia (Table 5.67).

When the specific activity of the citric acid cycle
enzymes were conpared between the neuronal perikarya and the
synaptosomes the profile of changes were nore or |ess msame in
both these fractions in hyperammonemic states (Tables 5.61
to 5.67). However, there were few exceptions which are listed
below. (1) In the synaptosonmes, pyruvate dehydrogenase acti-
vity was stinmulated to a greater extent than in neuronal
peri karya in subacute and acute hyperammonenic states. Though
the activity of this enzyne was stinulated in neuronal peri-
karya, it was not statistically significant in subacute state
and was of |esser magnitude than that of synaptosones in the
acute states (Table 5.61). (2) Citrate synthetase activity
was stimulated in the neuronal perikarya in acute hyper-
ammonemia while such a stinulation was not observed in the
synapt osomes (Table 5.62). (3) There were no statistically
significant changes in the activity of malate dehydrogenase,
when assayed in the direction of malate formation in the
neuronal perikarya in the acute states while in the synapto
somes there was a suppression in the activity of thla enzyne.

However, activity of this enzyme was stinulated in both these
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preparations in subacute hyperanmonenic states (Table 5.67).

In brief, it is evident that the activities of citric
acid cycle enzymes were enhanced in the hyperanmmoneni c states
with the exception of malate dehydrogenase. Activity of this
enzyne was suppressed under these conditions. Citrate synthe-
tase activity was unaltered in the subacute states in the
oligodendrocytes.

The stimulation of pyruvate dehydrogenase activity seen
in the cells and synaptosonmes in hyperammpnenic states is
simlar to that seen in honpgenates and in mitochondria. The
possi bl e mechani sms involved in such a stinulation have
al ready been discussed. Such an elevation in pyruvate de-
hydrogenase activity would pronmote the channelling of pyru-
vate into citric acid cycle in the fornmation of acetyl CoA in
the astrocytes, oligodendrocytes and synaptosones in hyper-
amoneni ¢ states. This change, in conjunction with the
suppression of |actate dehydrogenase (pyruvate to |actate)
and el evated pyruvate kinase, would favour the utilization of
pyruvate for citric acid cycle. However, there was no change
in the activity of this enzyme in the neuronal perikarya.
Enhanced activity of citrate synthetase in astrocytes and
ol i godendrocytes (acute states) would also favour citrate
formation. This change in citrate synthetase activity is
identical to the changes in citrate content in the oligo-

dendrocytes and synaptosones and in astrocytes in acute
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states. The citrate synthetase activity was elevated while
citrate content was unaltered in the neuronal perikarya in
the both the hyperammonemic states. Though the eluvation of
citrate synthetase favours citrate formation in these cells,
it would be limited by the supply of acetyl CoA (due to

unal tered pyruvate dehydrogenase activity) and oxal oacetate
(due to suppression of malate dehydrogenase activity).

The increase in isocitrate dehydrogenase activity in
all the cerebral preparations wold promote the conversion of
isocitrate to 2-oxoglutarate and this change in the enzyme
activity was once again identical to that of 2-oxoglutarate
content in all the cells (except in astrocytes of subacute
group of animals). The stinulation of isocitrate dehydro-
genase could be due to increased availability of ADP, which
is an allosteric activator, for this enzyme (Lehninger,
1984). The possible reasons for the increase in ADP content
in hyperammoneni ¢ states have already been discussed
Increased activities of 2-oxoglutarate dehydrogenase ensures
the greater utilization of 2-oxoglutarate in citric acid

cycle. This in conjunction with the suppression of glutamate

dehydrogenase ( 2-oxoglutarate + ammonia > glutamate) and

agpartate aminotranaferase (2-oxoglutarate + aspartate >
gl utamat e + oxal oacetate) suggested an enhancemei.. in the
utilization of 2-oxoglutarate and the formation of aguccinate

in the citric acid cycle. However, thia reaction may be
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limted by the availability of CoA. Enhanced activity of 2-
oxoglutarate dehydrogenase in hyperawmonemic states woul d

al so pronpte the phosphorylation of GDP to GIP and the latter
may bo utilized in synthetic reactions (protein synthesis)
and in phosphorylating ADP to ATP (nucl eoside diphosphate
kinase is present in mtochondria and c¢ytosol, Lehninger,
1984) .

The elevation of auccinate dehydrogenase activity would
promote the conversion of succinate to fumarate which nay be
the rate limiting reaction of citric acid cycle. The activity
of this enzyne is regulated by several |igands such as
oxal oacetate, ADP/ATP ratio, Pi, CoQ/CoQH.. It has been pro-
posed that the binding of oxal oacetate which occurs even in
in vivo conditions suppresses the activity of this enzyne
(Zeylemaker et al., 1969). In hyperammonemic states the
oxal oacetate binding of succinate dehydrogenase my be
af fected due to suppressed malate dehydrogenaae activity and
the enzyme may be released from inhibition. The rest of the
ligands are activators of the enzyme and the alterations in
their contents would influence the activity of this enzyne.

The increase in malate content in hyperamopnenic states
in synaptosomes, neurons and astrocytes (acute states) could
be due to (a) increased availability of fumarate (due to
enhancenent in succinate dehydrogenase activity) which ia the

precursor for malate and/or (b) suppression ot mmlate de-
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hydrogenave (malatetO oxaloacetate) activity which utilizes
mal ate and/or (c) increased conversion of oxal oacetate to

mal ate . However, as the nmamlate and mal ate dehydrogenase are
present in substantial amounts in both mitochondria and cyto-
sol, it would be difficult to interpret these results unless
the cells and synaptosomes are further fractionated into
cytosol and mitochondria. |f the changes observed in the

mal at e dehydrogenase activity in the non synaptic mtochon-
dria in hyperammonemic states holds good for the cells and
synapt osones, then the suppression of malate dehydrogenase in
the mtochondria of synaptosomes (synaptic mitochondria),
neurona and astrocytea (acute states) would limit the
production of oxal oacatate required for citrate synthetase
reaction. However, this may be overcome by the enhanced rates
of COe fixation resulting In the production of oxal oacetate
in the astrocytes. These cells (astrocytes) may supply the
oxal coacetate in the form of malate/2-oxoglutarate/gluta~
mate/glutamine to neurons and synaptosones (Shank and
Canmpbel |, 1984 a, b).

In summary, the results obtained on citric acid cycle
indicated that the operational rates of this cycle may not be
compromised in the three cell types and in aynaptosonmes in
the hyperammonemic states. This is further supported by the
lack of changes in ATP and ACP levels in these cerebra

preparations when they were incubated with glucose (Tables
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5.55 and 5.60).
STUDI ES ON MALATE-ASPARTATE SHUTTLE

The results obtained with intermediates and the enzymes
of glycolysis in the cells and synaptosomes indicated the
possibility of an increase in the glycolysis in hyperammo-
nenic study. Such an increase will be acconpanied by the
increased conversion of 3-phosphoglyceraldehyde to 1, 3-
diphosphoglycerate by the enzyme glyceraldehyde-3-phoaphate
dehydrogenase and during this process NAD* ia converted to
NADH. UWith the suppression of |actate dehydrogenase activity
and unaltered levels of lactate in these cerebral prepara-
tions in hyperammonemic states, it would of interesting to
study the regeneraton of NAD* from NADH in the cytoplasmic
compartment of theae cerebral preparations . As was nentioned
earlier, malate-aspartate shuttle is known to regenerate NAD*
from NADH by transferring reducing equivalents to malate. The
malate ia transported into the mtochondria and the reducing
equi val ents are oxidized in this aubcellular conpartnent
through electron transport system Moreover, the operation of
malate-aspartate shuttle is coupled to the oxidation of pyru-
vate in citric acid cycle and any interference with the
shuttle would also affect the citric acid cycle in brain
(Fitzpatricket al., 1983). Aa the results of the present
study also indicated that the operational ratea of citric

acid cycle are not conprom sed in hyperamonem c atatea, it



woul d be interesting to study raal ate-aspartate shuttle under
these conditions. Hence, the netabolites and the enzymes of
the malate-aspartate shuttle were atudied in the cells and
synapt osones isolated from the cerebral cortex of subacute
and acute hyperammonemic rat brain.

The results on the contents 0of 2-oxooglutarate, nmlate
and the activities of malate dehydrogenase (both the direc-
tions) in the cells and in synaptosomes have already been
descri bed and discussed (Tables 5.49 to 5.54, 5.66 and 5.67).
Upon incubation with glucose, there was a fall in the aspar-
tate content of astrocytes and oligodendrocytes isolated from
the hyperammonemic rats and the magnitude of decrease was
greater in acute states than in subacute states (Table 5.69).
In the neuronal perikarya and synaptosonmes, though there was
a simlar decrease in aspartate content under these condi-
tions, the change observed was not statistically significant
in these cerebral preparations from subacute hyperammonemic
rats (Table 5.71). Sinilar changes were noticed when the
aspartate content was expressed per mg protein (Table 5.70).
Glutamate content was below the level of detection in the
neurons, astrocytes and oligodendrocytes of hyperammonemi c
ani mal s when they were incubated with glucose. In the synap-
tosomes Of hyperammonemic rata, followng the incubation with
glucose, there were no statistically significant changes in

the glutamte content (Table 5.72).



Changes observed in aapartate aminotransferase activity
in the three cell types and synaptosomes ot hyperammonemic
rats closely resenbled the changes in the aspartate |evels
There was a fall in the aspartate aminotransferase activity
in the synaptosomesa, astrocytes and oligodendrocytes isol ated
from hyperammonemic rats (both subacute and acute states). In
the neuronal perikarya, the fall in the aspartate amino-
transferase activity was not statistically significant in
subacute states, while the same was significant in the acute
hyper ammoneni ¢ states (Table 5.68).

The observed increase in 2-oxoglutarate and malate,
which are the conmponents of both citric acid cycle and
malate-aspartate shuttle, has already been discussed. These
results suggested that these might not be the rate limiting
conmponents for the operation of malate-aspartate shuttle in
hyperammonemic states. Such a conclusion may al so be drawn
fromthe results of Murthy and Hertz (1988). These investi-
gators have shown that addition of aspartate relieved the
inhibition of pyruvate decarboxylation by high concentrations
of ammonium fons in primary cultures of astrocytes. The
aspartate taken up by the cell undergoes transamination with
2-oxoglutarate in the cytosol and provides the glutamate
required for the operation of malate-aspartate shuttle and
@lutamine synthesis. |f 2-oxoglutarate were to be rate limnm-

ting, then this effect of aspartate m ght not have been seen
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Moreover, in the absence of ammonium ions, aspartate enhanced
the pyruvate decarboxylation, which is in support of such a
concept. In the present study, total 2-oxoglutarate |levels
were neasured instead of cytosolic and mitochondrial contents
of this compound. Hence, the observed increase in 2-oxo-
glutarate could nave occured in any one of the subcellular
compartments. However, the results on subcellular fractions
indicated that 2-oxoglutarate content was elevated in both
cytosol and mtochondria and probably such a change mi ght
have occured in these cells al so. Moreover, 2-oxoglutarate,
event hough synthesized in the mitochondria, is transported
into cytosol. Hence, it is possible that the increase in
mitochondrial 2-oxoglutarate mght also elevate cytosolic 2-
oxoglutarate contents due to its transport. This suggetion is
equal Iy applicable for malate. Aa was nentioned earlier, the
increase in 2-oxoglutarate in hyperamonenic states could be
due to the suppression of aspartate aminotransferase and
glutamate dehydrogenase and increased activities of iso-
citrate dehydrogenase. Simlarly, the increase in nalate
content could be due to aupressed mel ate dehydrogenase
(mal ate to oxal oacetate) activity and an increase in its
synthesis in citric acid cycle under these conditions.

The fall in the aspartate levels in the cells and
synapt osomes observed in the present study in hyperamonenic

states is supported by simlar observations made earlier in
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the whole brain preparation and in primary cultures of neu-
rons and of astrocytea. These results suggested that aapar-
tate =might becone the rate linmting factor for the operation
of malate-aspartate shuttle in hyperammonemic states. It nust
be mentioned that according to the scheme of malate-aspartate
shuttle, aspartate is synthesized in the mtochondria and is
transported into the cytosol. Fall in the aspartate content
could be due to the decreased rate of its synthesis in
hyperanmmoneni ¢ staes. Such an effect is possible due to
suppression of aspartate aminotransferase in the cells and
synaptosomes. This would spare the oxal oacetate for citric
acid cycle in the mitochondria. Though the decrease in aspar-
tate levels could be attributed to increased rate of its
utilization, it must be mentioned that the major reaction
that utilizes aspartate is that of aspartate amino-
transferase. As per the scheme of malate-aspartate shuttle,
this would occur in the cytosol. The studies on subcellular
fractions indicated that the cytosolic activity of aspartate
aminotransferase was suppressed in hyperammonemic states.
Hence, the increased utilization through aspartate amino-
transferase nedi ated reaction mght be ruled out under these
condi tions. However, aspartate ia alao utilized in the purine
nucl eotide cycle and in arginine biosynthesis. The former
metabolic cycle is primarily involved in the production of

amonia in brain (Lowenstein, 1972; Benjamn, 1982) and any
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increase in the operational rates of this cycle would be a
physi ol ogi cal di sadvantage especially in hyperanmonem c
states when endogenous ammonia |levels are already high.
Though, the incorporation of aspartate nitrogen into arginine
was shown, no such incorporation was seen in urea (Yudkoff et
al., 1987). Hence, urea synthesis nay not be a major pathway
for the disposal of aspartate nitrogens in brain. Hence, the
observed decrease in aspartate levels due to increased utili-
zation seens to be a renmpte possibility.

The fall in aspartate levels and the suppression of
aspartate aminotransferase activity especially in cytosol
woul d adversely affect the production of oxal oacetate and
thus malate in this subcellular compartment in hyperammonemic
states. This would also restrict the conversion of NADH to
NAD* in the cytosol under these conditions. It was suggested
that this would stinulate the conversion of pyruvate and
|lactate so that NAD* 1is regenerated in the cytoaol (Cooper
and Plum 1987). The increase in lactate levels in brain in
hyperamoneni ¢ states was taken as an evidence for this
concept (Hawkins et al., 1973; Adanms et al., 1979; Raabe and
Lin, 1984; Jessy et al., 1990). However, in the present
study, when the cells and synaptosomes isolated from hyper-
ammonemi ¢ rat brain were incubated with glucose, either the
lactate content decreased or did not change and in several

instances |actate dehydrogenase activity (pyruvate to



lactate) was suppressed in hyperamnmonenic states. Though the

precise reason for this discrepancy is not known at present,

it is possible that the residual activity of l|actate dehydro-
genase may be adequate enough to regenerate NAD* in the
cytosol or sone other shuttle mechanism or NAD* regenerating
reacti on may be operative under these conditions. Future
studies might clear this discrepancy.

The results obtained with cellular fractions in hyper-
ammonemic States are summerized as follows.

(1) In hyperammonemic states, utilization of glucose night
be enhanced in the different cell types and in nerve
termnals due to the stinulation of glycolysis and citric
acid cycle.

(2) However, the production of oxalocacetate in the mto-
chondria mght be suppressed in the hyperampnenm c atatea.
The oxal oacetate required for the operation of citric acid
cycle mght be anaplerotically replenished by €0z fixation
in astrocytea and by the supply of citric acid cycle
internedi ates from astrocytes t0 neurons and synaptosomes.

(3) There is a possibility of the alterations in the opera-
tion of malate-aspartate shuttle in hyperamonenic states
due to decreased synthesis of aspartate.

(4) The results indicated the possibility of the operation of
an alternate mechanism for the regeneration of NAD* from

NADH in the cytosol.
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TABLE 5.1

DI STRI BUTI ON OF MARKER ENZYMES | N SYNAPTOSOMES, NEURONS,
ASTROCYTES AND OLI GODENDROCYTES OF CEREBRAL CORTEX OF
NORMAL RAT BRAI N

ENZYME SYNAPTGSOMES NEURONS ASTROCYTES ~ OLIGOCELLS
GS 5.1+0.3 4.3+0. 8 15. 0+2. 6 3. 7+0. 4
34% 29% 100% 25%
GAD 702+172 84+12 21+7 8+1
100% 12% " 3% 1%
AChE 0.18+0. 01 0.36+0.02  1.98+0.11 0.58+0. 03
% 18% 100% 29%
PChE 0. 04+0. 003 0.18+0.01  0.68+0. 05 0. 09+0. 007
6% 26% 100% 14%

GS: glutamine synthetase; GAD: glutamic acid decarboxylase, AChE:
acetylcholin .sterase; PChE: pseudocholinesterase.Activity units:
GS: umoles of Y-glutamyl hydroxamate formed/ mg protein/hr.

GAD: umoles of GABA formed/ mg protein/hr.

AChE and PChE: umoles of DTNB reduced/mg protein/hr.

Number of experiments are five. Each value is mean + S.D.

TABLE 5.2

DI STRI BUTI ON OF MARKER ENZYMES | N SYNAPTOSOMES, NEURONS,
ASTROCYTES AND OLI GODENDROCYTES OF CEREBRAL CORTEX OF
ACUTE HYPERAMMONEM C RAT BRAI N

ENZYME SYNAPTOSOMES NEURONS ASTROCYTES OLI GOCELLS
GS 5. 3+40. 49 6.2+0. 57 25.7+1.98 6. 65+0. 35
20% 24% 100% 26%
GAD 204+25 29+3.5 9.3+1.1 4+0. 6
100% 14% 5% 2%
AChE 0. 19+0. 02 0. 33+0. 01 2.11+0. 21 0. 55+0. 03
9% 16% 100% 26%
PChE 0.04+0.003 0.20+0.02 0.72+0.06 0.10+0.008
6% 28% 100% 14%

Legend as in Table 5.1.
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1. Light mcroscope photom crographs o: neurons isolated
fromrat cerebral cortex.

2. Light mcroscope photom crographs of astrocytes
isolated from ra%- cerebral cortex.

3. Light mcroscope photomi crographs of cligo ceils
isolated fromrat cerebral cortex.






TABLE 5.3

RNA CONTENT OF BULK | SOLATED CELLS FROM THE CEREBRAL CORTEX OF
NORMAL AND HYPERAMMONEM C RATS

FRACTI ON NORMAL ACUTE
NEURONS 23.046.0(6) 32.0+6.0(6)  +39* p<0.05
ASTROCYTES 6.9511. 07(4) 9.3+1.6(5)  +34* p<0.05
OLIGO CELLS 10.042.0(5) 12.0+1.4(5)  +20% NS

UNI TS: pegms

RNA/cell.

For ot her

details see Table 5.1I.

TABLE 5.4

DNA CONTENT COF BULK | SOLATED CELLS FROM THE CEREBRAL CORTEX OF
NORVAL AND HYPERAMMONEMIC RATS

FRACTI ON NORMAL ACUTE

NEURONS 7.9+1.6(6) 8.2+1.0(5) +4% NS
ASTROCYTES 7.9611. 9(5) 8.5+1.9(5) +6% NS
OLI GO CELLS 6.9+41.5(8) 6.611. 4(5) =4% NS
UNI TS: pgms DNA/cell. Each value is Mean + S.D. Number in

parent hesi s indicates number of experinents.
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TABLE 5.5

CELL NUMBER (/M5 OF CELLULAR PROTEIN) | N NORMAL AND
HYPERAMMONEM C RATS

FRACTI ON NORMAL . SUBACUTE ACUTE
NEURONS 2.3+0. 4 2.4+0.5 2.2+0.7
-2.5% NS -6% NS
ASTROCYTES 1.5+0.1 " 1.6+0.2 1.4+40.5
+3% NS -5% NS
OLEGD' CELLS 6.2+0.3 6.0+0.8 5.9+1.0
-3% NS -5% NS

CELL NUMBER X 10%. Each value is Mean + S.D. Nunber of
experinents are 5. For each experiment three animals were used.

TABLE 5.6

CELL NUMBER (/GRAM WET WEI GHT OF CEREBRAL CORTEX) IN
NORVAL AND | N HYPERAMVONEM C RAT BRAIN

FRACTION NORMAL | . ; SUBACUTE ACUTE
NEURONS 4.4+0.6(5) 4.3+40.7(5) -2* 4.3+0.6(5) -2*

ASTROCYTES 6.4 + 0.7(5) 6.5 + 0.8(5) +2% 6.5+1.0(5) +24

OLIGO CELLS 2. 9+0. 2(5) 2.8+0.5(5) -2% 2.8+0.3(5) ~-2%

Cell nunber X 10 . Nunbers in parenthesis indicates
the nunber of experiments. Each value is Mean+SD.
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TABLE 5.7

PROTEI N CONTENT OF BULK | SOLATED CELLS FROM THE CEREBRAL CORTEX
OF NORMAL AND HYPERAMVONEM C RATS

FRACTI ON NORVAL SUBACUTE ACUTE
NEURONS 439+70 458+23 464+36
+4* NS +6% NS
ASTROCYTES 668+59 673+21 685+70
+ 1* NS +3* NS
OLIGO CELLS 160+5"" 165+30 155+23
+3% NS -3% NS

Protein content ie expressed as picograms/cell. Number of
experiments are 7. For each experiment three aninals were used.
Each value is Mean + S. D

TABLE 5.8

PROTEI N CONTENT (/GV WET WE| GHT) OF SYNAPTOSOMES AND BULK | SOLATED

CELLS FROM THE CEREBRAL CORTEX COF NORMAL AND HYPERAMMONEM C RATS

FRACTI ON NORMAL .SUBACUTE ACUTE
NEURONS 2.0+0.3 2.0+0.03 2.0+0. 3
+ 2% NS +2* NS
e
ASTROCYTES 4.3+0.5 4.4+0.-05 4.4+0.7
+2.8V NS +2.8% NS AR
OLlI GO CELLS 0. 46+0. 01 0. 47+0. 07 0. 43+0. 05
+1% NS -7* NS
SYNAPTOSOMVES 9.00+2. 8 8.40+2.0 7.30+1.2

protein content is expressed as mg cellular protein/emwet w of
cerebral cortex. Nunber of experiments are 7. For each experinment
3 animals were used. Each value is nmean + S.D.
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TABLE 5.9

140, PRODUCTI ON FROM [U- %C)GLUCOSE FRUM NEURONS, ASTROCYTES AND
OL"GODENDROCYTES OF NORMAL AND HYPERAMVONEM C RAT BRAI NS
(fmoles Of CO; produced/cell/hr)

STATE NEURONS ASTROCYTES OL| GODENDROCYTES
NORMAL 2.48+0.27 13.7+1.34 0.53+0.06
SUBACUTE 2.98+0. 17 15. 540. 87 0. 60+0. 02

p<0.01 +21% p<0.05 +13% p<0.02 +13%
ACUTE 3.10+0.14 17.9+0.71 0.85+0.03

p<0. 005 +26% p<0.001"' +31* p<0. 001 +60%
1mM 2.45+0.11 13.1+1.4 0.52 +0.05

NS -1 NS -a% NS ~-2%
5mM 2.70+0. 15 15.1+1.0 0. 66+0. 08

NS +10% NS +11% p<0.02 +25%

Nurmber of experiments are five. Each value is mean+S.D.

TABLE 5.10

14COZ PRODUCTI ON. FROM [ U-14C]GLUCOSE FROM NEURONS, ASTROCYTES AND
OL| GODENDROCYTES OF NORVAL AND HYPERAMMONEMIC RAT BRAINS
(nmolea oOf CO, produced/mg protein/hr.)

FRACTI ON NEURONS ASTROCYTES OL| GODENDROCYTES
NORMAL 5.65+0.63 < ¢ 20.5+2.0 3.3+0.4
SUBACUTE 6.50+0.37 23.0+1.3 3.6+0.13

p<0.05 +15% p<0.05 +12% NS +9%
ACUTE 6. 96+0. 3 25.0+1.0 5.0+0. 18

p<0.005 +23% p<0.005 +22% p<0.001 +52%
1mM 5. 63+0. 25 19.7+2. 1 3.2+0. 3

NS -1% NS 4% NS -3%
5mM 6. 20+0. 35 22.7+1.5 4.1+0. 15

NS +10% NS +11% p<0.02 +24%

Number of experinments are five. Each value is mean+S.D.
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TABLE 5.11

+%C0, PRODUCTI ON FROM [U-*®CIGLUCOSE I N NEURONAL AND SYNAPTOSOVAL
FRACTI ONS OF NORMAL AND HYPERAMVONEM C RAT BRAI NS

STATE NEURONS SYNAPTOSOMES
NORMAL 5.65+0.63 14.0+1.0
SUBACUTE 6.50+0. 37 17.8+1: 48
p<0.05 +15% p<0.005 +27%
ACUTE 6.96+0.3 19.4+1.1
p<0. 005 +23% p<0.001 +39%
1mM 5.63+0.25 14. 4+1. 25
NS -13% Ns 7 +3%
5mM 6.20+0.35 16. 0+2. 0
NS +10% NS +14%

Activity units: nmoles of CO, produced/mg protein/hr
Number of experinents are 4. Each value is MeantS.D.
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TABLE 5.12

METABOLI TE LEVELS I N NEURONS, ASTROCYTES AND OL| GODENDROCYTES
FOLLOW NG THE | NCUBATI ON WITH GLUCOSE | N CEREBRAL
CORTEX OF NORMAL RAT BRAIN

(fmoles/ceall)
METABOLITE NEURONS ASTROCYTES OLIGODENDROCYTES
G-6-P 33.90+7.8 85.0+12 a 2.60+0.5 b,c
F-6-P 1.26+0.13 4.010.3 a 0.1410.1 b,c
PEP 0.4310.07 1.310.12 a 0.0410.003 b,c
<BYR 3.5010.3 6.0+0.4 a 2.4010.13 b,c
LACT 8.0011.3 13.011.33 a 6.2010.5 b,c
CIT 5.2010.4 7.310.6 a 0.9710.08 b,c
ISOCIT 4.3010.39 8.0+0.07 a 0.s50+0.06 b,c
2-0G 5.20+0.48-". 7.310.67 a 0.9710.08 b,c
MAL 6.5010.3 12.011.3 a 1.30+0.11 b,c
ASP 12.20+1.3 12.711.3 1.4510.13 b.c
ATP 13.5011.1 23.0+2.53 a 2.9010.3 b,c
ADP 9.60+0.65 16.011.2 a 1.610.13 b,c

G 6-P: glucose-6-phosphate; F-6-P. fructose-é6-phosphate; PEP:
phosphoenol pyruvate; PYR pyruvate; LACT: lactate. CIT: citrate;
ISCCIT: iaocitrate; 2-0G: 2-oxoglutarate; MAL: malate; ASP:
aspartate; ATP: adenoaine 5°'tril phosphate; ADP: adenoalne 5 di-
phoaphate. Number of experiments are five. Each value La nmean +
S.D. Values which are significantly different (p<0.05) from other
fractions were indicated by letters. a: bet ween neurons and
astrocytes; b: between neurona and oligodendrocytea; C: between
astrocytes and oligodendrocytes.
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TABLE 13

METABOLI TE * "VELS I N SYNAPTOSOMES, NEURONS, ASTROCYTES AND
OL| GODENDROCYTES FOLLOUI NG THE | NCUBATION WITH GLUCCSE IN
CEREBRAL CORTEX OF NORMAL RAT BRAIN
(nmoles/mg protein)

METABOLI TE SYNAPTOSOMES  NEURONS ASTROCYTES  OL| GODENDRO-
CYTES

G6-P 52.0+5.4 70.7011.5 4 127.0+18 a  27.9+2.4 b,c
F-6-P 2.5+0.3 2.90+0.3 6.0+0.4 a  0.85+0.06 b,c
PEP 0.8+40.1 0.98+0.16 2.040.18 a 0.26+0.d17 b, c
LACT 74.0+10 18.50+#3.0 d  19.5+.4.0 38.5043.0 b, c
PYR 12.5+0. 8 8.00+0.6 d 9.0+0. 6 15.00+40.8 b, c
CIT 18.0+1.2 12.00#1.0 d 11.0+0.9 6.00+0.8 b, c
1SOCIT 18.0+2.0 10.00+0.9 d  12.0+41.0 5.0040.4 b, c
2-06  19.0i2.0 12.00 + 1.1 d 11.0%1.6 600 + 0.5 b.c
MAL 19.042.0 15.00+0.6 d  18.0+2.0 8.00+40.7 b,c
ASP 36.0+4.0 28.00+3.0 d 19.0+2.0 a 9.0010.8 b, c
GLU 17.0+2.0 ND V. ND ND™'

ATP 32.014.0 31.0012. 5 35.013. 8 18.0012.0 b,c
ADP 14.011.0 22.0011.5 d 24.0+1 8 9.8+0.8 b, C

Legend same as in Table 5.12. d: between synaptosones and neurons.



TABLE 5.14

DI STRI BUTI ON OF GLYCOLYTI C ENZYMES I N CELLULAR FRACTI ONS OF
CEREBRAL CORTEX OF RAT BRAIN

(Picomoles/cell/hr)
ENZYME NEURONS ASTROCYTES OLI GOCELLS
HK 0.48+0.09 1.0310.27 a 0.13+0.006 b,cC
PFK 3.29+0.59 , 1.55+0.35 a 0.31+0.04 b,c
ALASE 2.2+0.52 1.4910.18 a 0.3140.03 b, cC
GLPDH 1.5+40.2 1.9+0.25 1.38+0.25
ENASE 5.1411.01 3.25+0.54 0.64+0.013 b, c
PK 29.2+43.5 37.5616. 3 5.2711.0 b,c
LDH (P->L) 14.312.5 15.8+40.88 5.2610.58 b.c
LDH (L->P) 4.410. 2 4.4+0.3 2.1+0.2 b, c
HK: hexokinase; PFK: phoaphofructokinase; ALASE: aldolaase; GLPDH
glyceraldehyde-3-phoaphate dehydrogenase; ENASE. enolase; PK

pyruvate kinase;
expressed for
NAD*reduced;

are five.

LDH:

for
Each val ue

significantly different

indicated with a
"b':between neurons and oligodendrocytes; °

letter

lagtate dehydrogenase. Activity was

Hk aa NADP reduced
others aa NADH oxidized
ia mean +

(p<0.05)

for

GLPDH and LDH (L->P)
Number Of

as
experiments

S.D. Values which are

from ot her

fractions are

*a':between neurons and astrocytea

oligodendrocytea and astrocytes
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" TABLE 5.15

DI STRI BUTI ON OF GLYCOLYTI C ENZYMES |IN THE CELLULAR FRACTI ONS OF
CEREBRAL CORTEX OF RAT BRAIN
(pmoles/mg protein/hr)

ENZYME NEURONS ASTROCYTES OLIGOCELLS
HK 1.15+0.29 1.5240.4 0.81+0.06 b,¢
PFK 7.60+1.7 2.30+0.6 a 1.9040.2 b
ALASE 5.0+0.9 2.2510.35 a 1.96+0.21 b
GLPDH 3.4+0.6 3.0+40.2 8.4+0.5 b, c
ENASE 10.66+1.85 4.86+0.57 a 3.98+0.11 b
PK 53.3+9.11 56.76+11.4 33.044.5 b, c
LDH (1) 21.8+6.1 23.8+2.0 33.0+4. 5

LDH (2) 8.4+0.9 7.1%0.5 1311.4 b, ¢

For details see Table 5.14.

336



TABLE 5.16

DI STRI BUTI ON OF GLYCOLYTI C ENZYMES | N NEURONAL AND SYNAPTOSOMAL
FRACTI ONS OF CEREBRAL CORTEX OF RAT BRAIN

ENZYME NEURONS SYNAPTOSOMES
HK 1.15+0.29 " 5.64+0.73 a
PFK 7.6+1.7 1.78+0.19 a
ALD 5.0+0.9 4.4+0.64

GLPDH 3.4+0.6 3.79+0.35

ENOLASE 10.7+1.85 4.8+0.78 a
PK 53.3+9.1 20+2 a
LDH (P->L) 21.8+46.1 121+9 a
LDH (L->P) 8.4+0.9 23+3 a

HK: hexokinase; PFK: phosphofructokinase; ALASE: al dol aae; GLPDH:
glyceraldehyde-3-phoaphate dehydrogenase; ENASE: enolase; PK:
pyruvate kinase; LDH: |actate dehydrogenase. Activity unite for
HK were pmoles of NADP'reduced/mg protein/hr; for GLPDH and LDH
(L->P) umoles of NAD reduced/mg protein/hr; for others umoles oOf
NADH oxi di zed/ me protein/hr. Each value ia mean + S.D. Number of
experiments are five. Only those values which are significantly
different (p<0.05) from neurons are indicated with a letter 'a'.
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TABLE 5.17

DI STRI BUTI ON OF PYRUVATE DEHYDROGENASE AND CI TRIC ACID CYCLE
ENZYMES I N CELLULAR FRACTI ONS OF RAT CEREBRAL CORTEX

(picomoles/cell/hr)

ENZYME NEURONS ASTROCYTES OLIGO CELLS

PDH 10.911.5 13.3511.6 1.92+0.3 b, c
Cs 7.8+0.9 11.3+1.2 a 1.4410.18 b.c
ICDH 7.210.6 9.6+1.27 1.9810. 13 b.c
2-0GDH 9.3+0.9 11.67+1.9 2.4+0.5 b, c
SDH 0.28+0. 03 0.22+0.024 0. 028+0.001 b,c
MDH (M->0) 29.3+1.3 104+8.0 a 6.9010. 9 b, c
MDH (0->M) 35.2+0.68 42.014.2 5.9010.5 b, c

PDH:pyruvate dehydrogenase; CS:citrate synthetase; |CDH isocit-
rate dehydrogenaae; 2-OGDH:2-oxoglutarate dehydrogenase; SDH
succinate dehydrogenaae; MDH. malate dehydrogenaae. Activity was
expressed for PDH, |CDH, 2-0GDH and MDH (M ->0) as pmoles of NAD'
reduced and for CS & pinoles of DITNB reduced and for SDH as
prmol es of succinate oxidized and for MDH (0->M as pinoles of NADH
oxidized. Only those values which are significantly different
(p<0.05) from other are indicated with a letter a: between
neurons and astrocytes:; b : between neurons and oligodendrocytes;
c: between astrocytes and oligodendrocytes. Number Of experimenta
are five. Each value is mean + S.D.



BLE 5.18a

DI STRI BUTI ON OF PYRUVATE DEHYDROGENASE AND Cl TRI C ACI D CYCLE
ENZYMES OF RAT CEREBRAL CORTEX
(pymoles/mg protein/hr)

ENZYME NEURONS ASTROCYTES OLIGO CELLS
PDH 28.9+1.7 20.0+1.8 12.0+2.1 b, c
cs 20.9+6.0 16.0+42.6 9.0+41.3 b,c
ICDH 16.7+1.4 14.4+1.9 12.2+0.8
2-0CnH 21.6+3.7 17.5+2.6 15.2+2.6
SDH 0.51+0.17 0.30+0.06 a 0.17+0.02 b, cC
MDH (M->0) 55.0+6.8 56.0+6.4 43.0+6.4
MDH (0->M) 69.5+4.9 60.0+9.4 37.0+4.2 b, c

Legend same as in Table 5.17.

TABLE 5.18b

DI STRI BUTI ON OF PYRUVATE DEHYDROGENASE& CITRIC ACI D CYCLE ENZYMES
I'N NEURONS AND SYNAPTOSOMES

ENZYME NEURONS . SYNAPTOSOMES
PDH 24.9+41.7 3.42%0.33 a
CS 20.9+6.0 3224 a

| CDH 16.7+1.4 11.4+1.72 a
2-0GDH 21.6+3.7 19.5il1.99

SDH 0.51+0.17 0.53+0.06

MDH (M->0) 55.0+6.8 388+ 33 a
MDH (0->M) 69. 5+4. 9 462+35 a

Legend same as in Table 5.17. a: Statistically significant
di ffenrence between neurons and synaptoaomes.
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TABLE 5.1%a

DI STRI BUTI ON OF BORST CYCLE ENZYMES I N CELLULAR FRACTI ONS
OF RAT CEREBRAL CORTEX

ENZYME NEURONS ASTROCYTES OLIGO CELLS
MDH (M->0) A 29.341.3 104+8.0 a  6.90+0.9 b,c
B. 55.0+6.8 56.046.4 43.0+6.4 b,c
MDH (0->M) A 35.2i 0. 68 42.0i4.2 a 5.90+0.5 b,c
B. 69.5+4.9 60.0+9. 4 37.0+4.2 b, c
AAT A 13.442.5 23.5+3.2 a 1.92+#0.2 b,c
B. 2 7.0 + 49 « - 3 5.0#5.0 12.0+1.2 b.c

MDH: malate dehydrogenase; AAT: aspartate aminotransferase.

A umoleg of activi ty/cell/hr; B picomoles of activity/mg
protein/hr. Activity is expressed for MDH (M >0) as NAD'reduced
and for others as NADH oxi di zed. Number of experinents are five
Each value is nean + S.D. For other details see Table 5.17

TABLE 5.1%b

DISTRIBUTY”N OF BORST CYCLE ENZYMES | N NEURONS AND
SYNAPTOSOMES OF RAT CEREBRAL CORTEX

ENZYME NEURONS SYNAPTOSOMES
MDE (M->0) 55.0+6.8 388433 a
MDH (2->M) 69.5+4.9 462+35 a
AAT 27.0+4.9 192+8.3 a

Legend sane as for Table 5.19a. a: Statistically significant
di fference exists between neurons and synaptosomes.
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TABLE 5.20

LEVELS OF GLUCOSE-6-PHOSPHATE | N NEURONS, ASTROCYTES AND
OL| GODENDROCYTES OF NORMAL AND HYPERAMMONEM C RAT BRAIN

STATE NEURONS ASTROCYTES OL| GODENDROCYTES
NORMAL 33.9+47.8 85.0+12.0 2.79+0. 24
SUBACUTE 39.8+2.5 88.0+9.0 3.17+0. 37

NS +17% NS +4% NS +144
ACUTE 54.0+7. 2 109. 0+4. 9 5.10+0.5

p<0.01 +59% p<0.02 +28% p<0. 001 +83%
1mM 41.0+3.0 93.0+9.0 3.10+0. 4

NS +21% NS +9% NS +11%
5mM 48.0+6.0 105. 0+7. 3 4.70+0. 4

p<0.05 +42% p<0.05 +24% p<0.001 +68%

Units: fmoles/cell. Each value is mean+S.D. Nunber of
experiments are five.

TABLE 5.21

LEVELS OF GLUCOSE-6-PHOSPHATE | N NEURONS, ASTROCYTES AND
OL| GODENDROCYTES OF NORMAL AND HYPERAMMONEM C RAT BRAIN

STATE NEURONS ASTROCYTES OL| GODENDROCYTES
NORMAL 70.7415.3 127.0+18.0 16.0+3.0
SUBACUTE 95.5+6.0 137.0+14.0 19. 0+2. 2
p<0.05 +35% NS +8% NS +19%
ACUTE 119. 0+16.0 156.0+7.0 30.0+3.0
p<0. 001 +68% p<0.025 +23% p<0.001 +83%
1mM 95.0+7.0 140. 0+13.5 19.0+2.5
p<0.05 +34% NS +9% NS +19%
5mM 110.0+14.0 158.0+11.0 29.0+2.5

p<0.05 +56% p<0.05 +24% p<0.001 +81%

Units: nmoles/mg protein. Each value is meant+S.D. Number of
experiments are five.
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TABLE 5. 22

LEVELS OF GLUCOSE-6-PHOSPHATE | N NEURONS AND SYNAPTOSOMES
OF NORMAL AND HYPERAMMONEMIC RAT BRAI N

STATE NEURONS SYNAPTOSOMVES
NORMAL 70.7+415.3 52. 0+0.54
SUBACUTE 95.5+6. 0 65. 0+6. 0

p<0.05 +35* p<0.02 +25*
ACUTE 119. 0+16. 0 85.0+7. 0

p<0.001 +68* p<0.001 +63%
1mM 95.0+7.0 51.0+9.0

p<0.05 +34* NS -2%
5mM 110.0+14.0 63.0 + 5.0

p<0.05 +56* p<0. 025 +21*

Units: nmoles/mg protein. Each value is mean+S.D. Nunber of
experiments are five

TABLE §.23

LEVELS FRUCTOSE-6-PHOSPHATE | N NEURONS, ASTROCYTES AND
OL1 GODENDROCYTES OF NORMAL AND HYPERAMMONEM C RAT BRAI N

STATE NEURONS ASTROCYTES OL| GODENDROCYTES
NORNMAL 1.26+0.13 4.0+0.3 0.14+0.01
SUBACUTE 1.54+0.1 4.8+0. 3 0. 16+0. 01

p<0.02 +22* p<0.01 +20* p<0.05 +14%
ACUTE 1.9+0. 14 5.8+0.3 0.18+0.01

p<0.001 +51% p<0.001 +45* p<0. 005 +26*
1mM 1.65+0.1 4.9+0. 3 0. 15+0. 008

p<0. 005 +31* p<0.01 +23* NS +7*
5mM 1.78+0. 09 5.3+0. 3 0.16+0. 01

p<0. 001 +41* p<0.001 +33* p<0. 025 +14*

Units: f moles/cell. Each value is mean+S.D. Nunber of
experiments are five.



TABLE 5.24

LEVELS OF FRUCTOSE-6-PHOSPHATE | N NEURONS, ASTROCYTES AND
OLIGODENDROCYTES OF NORMAL AND HYPERAMVONEM C RAT BRAI N

STATE NEURONS ASTROCYTES OL| GODENDROCYTES
NORMAL 2.90+0.3 6.0+0.4 0.85+0. 06
SUBACUTE 3.70+0.3 7.4+0.5 0.94 +0. 07

p<0.01 +284 p<0.005 +234 NS +114
ACUTE 4.2+0.3 8.3+0.14 1.04+0.06

p<0. 001 +45% p<0.001 +38% p<0. 005 +224
1mM 3.80+0. 3 7.3+0.4 0. 96+0. 05

p<0.01 +314 p<0.005 +224 p<0.05 +134
5mM 4.10+0. 2 8.0+0. 4 1. 00+0. 05

p<0.001 +41% p<0.001 +334 p<0.01 +184

Units: nmoles/mg protein. Each value is mean+S.D. Number oOf
experiments are five.

TABLE 5.25

LEVELS OF FRUCTOSE-6-PHOSPHATE | N NEURONS AND SYNAPTOSOMES
OF NORMAL AND HYPERAMVONEM C RAT LRAIN

STATE NEURONS SYNAPTOSOMES
NORMAL 2.9040.3 2.5+0.3
SUBACUTE 3.70+0. 3 3. 3+0. 36

p<0.01 +284 p<0.02 +324
ACUTE 4.2+0.3 4.1+0. 3

p<0. 001 +454 p<0. 001 +644
1mM 3.80+0.3 3.2+0. 3

p<0.01 +314 p<0.02 +284
5mMM 4.10+0. 2 3.9+0. 3

p<0.001 +414 p<0. 001 +564

Units: nmoles/mg protein. Each value is mean*S.D. Number Of
experiments are five.



IABLE 5.26

LEVELS OF PHOSPHOENQOLPYRUVATE | N NEURONS, ASTROCYTES AND
OL| GODENDROCYTES OF NORMAL AND HYPERAMMONEM C RAT BRAI N

STATE NEURONS ASTROCYTES OL| GODENDROCYTES
NORMAL 0.4340.07 1. 340. 12 0.04+0.003
SUBACUTE 0.46+0.04 1.6140.11 0.048+0.003

NS +7% p<0.01 +24% p<0.01 +20%
ACUTE 0. 6+0. 02 2.3+0. 14 0. 064+0. 003

p<0. 005 +40% p<0.001 +77% p<0.001 +60%
1mM 0. 48+0. 09 1.63+0.13 0. 045+0. 003

NS +12% p<0.01 +25% NS +13%
5mM 0. 55+0. 02 1.87+0.2 0. 055+0. 003

p<0.02 +28% p<0.005 +44% p<0.001 +38%

Units: fmolea/cell. Each value is meant+S.D. Number of
experiments are five.

TABLE 5. 27

LEVELS OF PHOSPHOENOLPYRUVATE | N NEURONS, ASTROCYTES AND
OL| GODENDROCYTES OF NORMAL AND HYPERAMMONEM C RAT BRAI N

STATE NEURONS ASTROCYTES OL| GODENDROCYTES
NORMAL 0.98+0.16 2.0+0.18 0.2640.017
SUBACUTE 1.10+0.10 2.50+0.17 0.29+0.02

NS +12% p<0.01 +25% NS +11%
ACUTE 1. 33+0. 04 3.3+0. 20 0. 38+0. 02

p<0.01 +36% p<0.001 +65% p<0.001 +46%
1mM 1.10+0. 20 2.45+0. 20 0. 28+0. 02

NS +12% p<0.02 +22% NS +8%
5mM 1.26+0. 04 2.80+0. 30 0. 34+40. 02

p<0.02 +28% p<0.005 +40% p<0.001 +31%

Units: nmolea/mg protein. Each value |s mean+S.D. Number of
experinments are five.
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IARLE S .28

LEVELS OF PHOSPHOENOLPYRUVATE | N NEURONS AND SYNAPTOSOMES
OF NORMAL AND HYPERAMMONEMIC RAT BRAIN
STATE NEURONS SYNAPTOSOMES
NORMAL 0.98+0.16 0.80+0.1
SUBACUTE 1.10+0. 10 0. 99+0. 03
NS +12* p<0.02 +24%
ACUTE 1. 33+0. 04 1.17+0. 04
p<0.01 +36* p<0.001 +46*
1mM 1.10+0. 20 0. 95+0. 09
NS +12* NS +19*
5mM 1.26+0. 04 1.12+0. 05
p<0.02 +28% p<0.001 +40%
Units: nmoles/mg protein. Each value La mean+S.D. Number oOf

experiments are five.

TABLE 5. 29

LEVELS OF PYRUVATE I N NEURONS, ASTROCYTES AND

OLl GODENDROCYTES OF NORMAL AND HYPERAMMONEMIC RAT BRAIN

STATE NEURONS ASTROCYTES OL| GODENDROCYTES
NORMAL 3.5+0.3 6.0+0.4 2.40+0.13
SUBACUTE 3.7+0.3 6.4+0. 6 2.65+0.15

NS +6* NS +7* p<0.05 +10%
ACUTE 6.3+0.5 11.3+1.2 4,10+0. 37

p<0.001 +80* p<0.001 +88% p<0. 001 +71*
imM 3.7+0.3 7.0+0.8 2.70+0.22

NS +6* NS +17* NS +13*
5mM 5.2+0.4 10.0+0.9 3.50+0.3

p<0.001 +49* p<0.001 +67* p<0. 001 +46*
Units: fmoles/cell. Each value i3 mean+S.D. Nunber of

experinments are five.



TABLE 5.30

LEVELS OF PYRUVATE | N NEURONS, ASTROCYTES AND
OL| GODENDROCYTES OF NORMAL .:D KYPERAMMONEM C RAT BRAIN

STATE NEURONS ASTROCYTES OL| GODENDROCYTES
NORMAL 8.0+0.6 9.040.6 15.0+0.8
SUBACUTE 8.9+0.8 9.9+1.0 15.9+0. 9
NS +11% NS +10% NS + 6%
ACUTE 14.0+1.2 16.2+1.7 24.0+42.2
p<0.001 +75% p<0.001 +80% p<0.001 +60%
1mM 8.5+0.7 10.5+1.2 16.5+1. 4
NS +6% NS +17% NS +10%
5mM 12.0+40.9 15.0+1. 4 22.0+2.1

p<0.001 +50% p<0.001 +67% p<0.001 +47%

Units: nmolea/mg protein. Each value is mean+S.D. Nunber of
experimenta are five.

TABLE 5.31

LEVELS OF PYRUVATE I N NEURONS AND SYNAPTOSOMES
OF NORVAL AND HYPERAMMONEMIC RAT BRAIN

STATE NEURONS . SYNAPTOSOMES
NORVAL 8.0+0.6 12.5+0.8
SUBACUTE 8.9+0.8 13.9+0.7

NS +11% p<0.05 +11%
ACUTE 14.0+1.2 19.7+2.0

p<0. 001 +75% p<0. 001 +58%
I nM 8.5+0.7 14.0+1.0

NS +6* NS * +12%
5mM 12.0+0.9 16.0+1.8

p<0. 001 +50% p<0.01 +33%

Units: nmoles/mg protein. Each value is mean+S.D. Number oOf
experinents are five.
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TABLE 5.32

LEVELS OF LACTATE | N NEURONS, ASTROCYTES AND
OL1 GODENDROCYTES OF NORMAL AND HYPERAMMONEM C RAT BRAI N

STATE NEURONS ASTROCYTES OL| GODENDROCYTES
NORMAL 8.0+1.3 13.0+1.33 6.2+0.5
SUBACUTE 7.9+40.4 12.3+1. 3 6.8+0.5
NS -14 NS -54 NS +104
ACUTE 8.8+1.4 12.2+2. 1 6.4+0. 6
NS +104 NS -64 NS +34
1mM 6. 96+0. 7 13.0+2.0 6.5+0. 4
NS -134 NC NS +54

5 mM 9.57 + 0.9 14.0 + 1.3 7.0 + 0.5
NS +204 NS +84 NS +134

Units: fmoles/cell. Each value ies mean+5.D. Number of
experiments are five.

LEVELS OF LACTATE | N NEURONS, ASTROCYTES AND
OL| GODENDROCYTES OF NORMAL AND HYPERAMMONEM C RAT BRAI N

STATE NEURONS ASTROCYTES OL1GODENLROCYTES
NORMAL 18.5+3.0 19.5+2.0 38.5+3.0
SUBACUTE 19.0+1.0 19.0+2. 0 41.0+3.0
NS +34 NS -34 NS +64
ACUTE 19.5+3.0 17.5+3.0 38.0+3. 6
NS +54 NS -104 NS -14
1mM 16.0+1. 6 19.7+3.0 40.0+2. 6
NS -134 NS +14 NS +44
SmM 22.0+2.0 21.5+2.0 43.5+3.0
NS +19% NS +104 NS 13%

Units: nmoles/mg protein. Each value La mean+S.D. Nunber of
experiments are five.
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TABLE 5.34

LEVELS OF LACTATE | N NEURONS AND SYNAPTOSOVES
OF NORMAL AND HYPERAMMONEM C RAT BRAI N

STATE NEURONS SYNAPTOSOMES
NORMAL 18.5+3.0 74.0+10.0
SUBACUTE 19.0+1.0 69. 0+10. 0

NS +3* NS -74
ACUTE 19.5+3.0 82.0+6.0

NS +5% NS -11%
1mM 16.0+1.6 68. 0+10. 0

NS -134 NS -8
5mM 22.0+2.0 . 66.0+3. 6

NS +19% NS -11%

Units: nmoles/mg protein. Each value is mean+S.D. Number of
experiments are five.



HEXOKINASE ACTIVITY IN SYNAPTOSOMES AND CELLULAR FRACTI ONS OF

TABLE 5.35

NORMAL AND HYPERAMMONEMIC RAT BRAIN

FRACTI ON NORMAL SUBACUTE ACUTE
NEURONS A 0.48+0.09 0. 65+0. 11 0. 74+0. 15
p<0.05 +35% p<0.02 +54%
B.  1.29+0.4 1.34+0.34 1.54+0.34
NS +4% NS +19%
ASTROCYTES A 1.03+0.27 1.02+0.23 1.43+0.49
NS -1%  p<0.05 +56%
B. 1.36+0.4 1. 54+0. 25 1. 62+0. 39
NS +13% NS +19%
OLIGO CELLS A.  0.13+0.006 0. 17+0. 003 0. 18+0. 04
p<0.001 +29% p<0.025 +38%
B.  0.81+0.06 1. 01+0. 15 1. 01+0. 17
p<0.025 +25% p<0.05 +25%
SYNAPTOSOMES B. 5.64+0.73 6.34+0.59 6.98+0. 55
NS +12%  p<0.02 +24%

Units:
reduced/mg protein/hr.

No.

of experiments are 5.
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TABLE 5. 36

PHOSPHOFRUCTOKI NASE ACTIVITY I N SYNAPTOSOVES AND CELLULAR
FRACTI ONS OF NORMAL AND HYPERAMMONEMIC RAT BRAI NS

FRACTI ON NORNMAL SUBACUTE ACUTE
NEURONS A 3.29+0. 59 4.52+0.97 7.03+1. 6
p<0.05 +37% p<0. 005 +114%
B. 7.6+1.7 10.5+1.5 15.4+3. 4
p<0.025 +38% p<0.005 +103%
ASTROCYTES A 1.55+0. 35 2.8+0.57 6.9+2.4
p<0.005 +81% p<0.005 +345%
B. 2.35+0. 57 4.24+0. 62 8.24+1. 26
p<0.005 +80% p<0.005 +251%
OLIGO CELLS A 0. 31+0. 04 0. 52+0. 07 0. 89+0. 22

p<0. 005 +67% p<0.001 +188%

B. 1.94 + 0.21 3.1 + 0.41 5. 13 + 0.86
p<0.001 +60% p<0.001 +164%

SYNAPTOSOMES B. 1.78+0.19 3.18+0. 22 4.52+0. 55
p<0.001 +79% p<0.001 +154%

Unita: A1 plcomoleas of NADH oxldized/cell/hr; B. umoles of NADH
oxi di zed/ me protein/hr. Each value |la Mean+S. D.
No. of experimenta are 5.
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TABLE 5. 37

ALDOLASE ACTI VITY 1IN SYNAPTOSOMES AND CELLULAR FRACTI ONS OF
NORMAL AND LYPERAMMONEMIC RAT BRAI NS

FRACTI ON NORMAL SUBACUTE ACUTE
NEURONS A. 2.240.52 3.0+0. 54 3.69+0. 29
p<0. 05 +36* p<0. 001 +68%
B. 5+0.9 6+1 10+2
NS +20% p<0. 001 +100%
ASTROCYTES A 1.49+0.18 2.69+0. 63 4.2+0. 61
p<0.005 +81% p<0.001 +182%
B. 2.25+0.35 4+0. 41 7.98+1. 55
p<0.001 +78% p<0.001 +255%
OLIGO CELLS A 0.31+40.03 0.5+0.13 0.68+0.06
p<0.02 +58% p<0.001 +117%
B. 1.96+0.21 2.7640.69 3.88+0.26
p<0.05 +41% p<0.001 +98%
SYNAPTOSOMES B. 4. 4+0. 64 7.4+0. 58 10.1+1. 1

p<0.001 +68%

p<0.001 +130%

Unita: A. picomoles of NADH oxidized/cell/hr; B. umoles of NADH
oxidlzed/mg protein/hr.

mean + S.D.

No.

of experiments are 5.
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TABLE 5.38

GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE ACTIVITY IN SYNAPTOSOMES
AND CELLULAR FRACTI ONS OF NORVAL AND L'YPERAMMONEMIC RAT BRAI NS

FRACTI ON MORMAL SUBACUTE ACUTE
NEURONS A 1 5+0.2 1.48+40.22 2.05+0. 3
NS -1% p<0.02 +37%
B. 3. 36+0. 62 3.4+0. 3 4. 33+0. 39
NS +1% p<0.02 +29%
ASTROCYTES A 1.9+0. 25 2.1+0. 3 2. 7+0. 46
NS +10%  p<0.01 +42%
B. 2.95+0. 2 3. 3+0. 39 3.51+0. 19
NS +12% p<0. 005 +19%
OLIGO CELLS A 1. 38+0. 25 1.76+0.14 1.77+0. 23
p<0. 025 +27% p<0.05 +28%
B. 8.42+0.5 10. 53+0. 9 10. 44+1. 27
p<0. 005 +25% p<0.02 +24%
SYNAPTOSOMES B. 3.79+0. 35 4.13+0. 19 4. 1+0. 35
NS +9% NS +8%

Units: A:

No. of

pinoles of NAD reduced/cell /hr; B:
reduced/nig protein/hr.
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pmoles of NAD
Each value ia Mean+S.D.
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TABLE 5.39

ENOLASE ACTIVITY IN SYNAPTOSOMES AND CELLULAR FRACTI ONS OF NORMAL
AND HYPERAMMONEMIC RAT BRAI NS

FRACTI ON NORMAL SUBACUTE ACUTE
NEURONS A 3.83+0.81 4.89+0. 58 7.39+1.5
NS - 5% p<0. 005 +44*
B 10. 66+1. 85 11.52+1. 87 16.02+1. 63
NS +8* p<0. 005 +50*
ASTROCYTES A 3.25+0.54 4.5+0. 89 6.37+0.9
p<0.05 +38% p<0. 001 +96*
B 4.86+0.57 6. 16+0. 97 9.7+1.92
p<0.05 +27* p<0.001 +100*
OLIGO CELLS A 0. 64+0. 01 0. 66+0. 02 1.13+0. 38
NS +3* p<0.02 +77%
B. 3.98+0. 19 4+0. 34 5.12+0. 89
NS B A p<0. 025 +29*
SYNAPTOSOMES B. 4.8+0.78 7.66+0. 76 * 9.9+1.1

p<0.001 +60% p<0.001 +106*

Units: A: pinoles of NADH oxidized/cdl/hr; B: poles of NADH
oxidized/ me protein/hr. Each value |la Mean+S.D.
No. of experiments are 5.



TABLE 5.40

PYRUVATE KINASE ACTIVITY IN SYNAPTOSOVES AND CELLULAR FRACTI ONS
OF NORMAL AND HYPERAMMONEMIC RAT BRAI NS
FRACTI ON NORMAL SUBACUTE ACUTE
NEURONS A 29.2+43.5 30.2+5.7 32.3+2.9
NS +3* NS +11%
B. 53.35+9.1 61.8+10.5 71.2+9.2
NS +16% p<0.02 +33%
ASTROCYTES A 37.56+6. 3 36.3+3.6 44.9+8. 8
NS -3% NS +19%
B. 56. 76+11. 4 68. 4+13. 2 80+9. 1
NS +7% p<0.01 +41%
OLIGO CELLS A 5.27+1 5.77+1.2 7.29+1. 1
NS +9% p<0.02 +38%
B. 33+7.1 34.4+5. 4 42.2+4.6
NS +4% p<0.05 +28%
SYNAPTOSOMES B. 20+2 24+3 3142
p<0.05 +20% p<0.001 +55%

Uni ts:

No. of

A:pmolea Of NADH oxidized/cell/hr; B:
oxi di zed/ me protein/hr.
experinents are 5.

umolea of NADH
Each value is Mean+S. D.



TABLE 5. 41

LACTATE DEHYDROGENASE ( PYRUVATE --> LACTATE) ACTIVITY IN
SYNAPTOSOMES AND CELLULAR FRACTI ONS OF NORMAL AND
HYPERAMMONEMIC RAT BRAI NS

FRACTI ON NORMAL SUBACUTE ACUTE
NEURONS A 14.3+2.5 11.8+1.56 11.4+2.6
NS -17% NS -20%
B. 29.346.1 27.8+1.1 24.6+3.9
NS ~7% NS -17%
ASTROCYTES A 15. 8+0. 88 16.9+1. 7 10+1.6
NS +7% p<0.001 -37%
B. 23.8+2 20.7+2.8 19.2+3.7
NS -13% p<0.05 -19%
OLIGO CELLS A 5.26+0. 58 6. 2+0. 55 6.1+0. 52
p<0.05 +18% p<0.05 +16%
B. 33+2.5 37.2+3.3 35.2+3.3
NS +13% NS +7%
SYNAPTOSOMES B. 121+9 95+8 108+4

p<0. 005 -21%

p<0.02 -11%

Units: A pmoles of NADH oxidized/cell/hr; B: umoles of NADH

oxidized/mg protein/hr.

No. of experiments are 5.

Each val ue
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TABLE 5.42

LACTATE DEHYDROGENASE (LACTATE-->PYRUVATE) ACTIVITY IN
SYNAPTOSOVES AND CELLULAR FRACTI ONS OF NORMAL AND
HYPERAMMONEMIC RAT BRAI NS

FRACTI ON NORMAL SUBACUTE ACUTE
NEURONS A 4.4+0.2 3.8+0. 48 4.1+0.6
p<0.05 -14% NS -7%
B. 8.4+40.9 8.8+0.9 9.4+1.2
NS + 5% NS +12%
ASTROCYTE! A 4.7+0. 3 4.940.5 5.740.6
NS +4% p<0.001 -21%
B. 7.1+40.5 7.8+1.1 7.9+1.0
NS +10% NS +11%
OLIGO CELLS A 2.10+40. 2 2.3+0. 14 2.4+0. 13
NS +8%  p<0.05 +14%
B. 13+1. 4 13.4+1. 4 14.1+1.3
NS +3% NS +8%
SYNAPTOSOMES B. 23+3 34+4 47+8
p<0.005 +48% p<0.001 +104%

Units: A pmoles of
tein/hr.

Each val ue

NAD r educed;
is Mean+S.D.

B: pmoles of NAD reduced/Dig pro-

No. of experiments are 5



TABLE 5.43

LEVELS OF CI TRATE | N NEURONS, ASTROCYTES AND
OL| GODENDROCYTES OF NORMAL AND HYPERAMMONEMIC RAT BRAIN

STATE NEURONS ASTROCYTES OL| GODENDROCYTES
NORMAL 5.2+40.4 7.3+0. 6 0.97+0.08
SUBACUTE 4.9+0. 3 6.6+0.4 0.90+0. 08
S -6% NS -10* NS -7%

ACUTE 5. 6+0. 45 10. 3+0.8 1.15+40.1

NS +8% p<0. 001 +41% p<0.05 +19%
1mM 5.3+0. 4 7.3+0. 67 1. 00+0. 06

NS +2% NC NS +3%
5mM 5.4+0. 4 9. 0+0. 53 1.05+0. 11

NS +4%  p<0.01 +23x NS +8%
Unite: fmolea/cell. Each value is meant+S.D. Nunber of

experiments are five.

TABLE 5.4/.

LEVELS OF CI TRATE | N NEURONS,

ASTROCYTES AND

OL| GODENDROCYTES OF NORMAL AND HYPERAMMONEMIC RAT BRAIN

STATE NEURONS ASTROCYTES OL| GODENDROCYTES
NORMAL 12.0+1.0 11. (HO. 9 . 00+0 . 8
SUBACUTE 11.8+0.8 10.2+0.6 5.50+0.5
NS -2% NS -7* NS -8%
ACUTE 12.4+1.0 14.7+1.2 6.80+0.7
NS +3% p<0. 005 +35% NS +13%
1mM 12.2+1.0 11.0+1.0 6. 20+0. 4
NS +2% NC NS +3%
SmM 12.5+0.9 13.5+0.8 6.50+0. 7
NS +4% p<0.01 +23% NS +8%

Units: nmoles/mg protein.

experiments are five.
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TABLE 5.45

LEVELS OF CI TRATE | N NEURONS SYNAPTOSOMES
OF NORMAL AND HYPERAMMONEMIC RAT BRAIN

STATE NEURONS SYNAPTOSOMES
NORMAL 12.0+1.0 18.0+1.2
SUBACUTE 11.8+0.8 17.2+0.9

NS -2% NS -4%
ACUTE 12.4+1.0 19.2+1.8

NS +3% NS +7%
1M 12.2+1.0 18.2+2.0

NS +2% NS +1%
5mM 12.5+0.9 19.0+1.7

NS +4% NS +6%

Units: nmoles/mg protein. Each value ia mean+S.D. Number of
experimenta are five.

LEVELS OF 1SOCI TRATE I N NEURONS, ASTROCYTES AND
OL1 GODENDROCYTES OF NORMAL AND HYPERAMMONEM C RAT BRAI N

STATE NEURONS ASTROCYTES OL| GODENDROCYTES
NORMAL 4.3+0.39 8.040.67 0.80+0.06
SUBACUTE 4.8+0. 4 8.4+1.3 0. 80+0. 08
NS +12% NS + 5% NC
ACUTE 6.8+0.6 14.0+1. 4 1.10+0. 08
p<0.001 +58% p<0.001 +75% p<0.001 +38%
1mM 5.2+40. 4 8.7+0.8 0. 81+0. 05
p<0.02 +21% NS +9% NS +1%
5mM 6.5+0.5 12.0+1.0 1. 00+0. 08

p<0.001 +51% p<0.001 +50% p<0.01 +25%

Units: fmolea/cell. Each value is mean+S.D. Number of
experiments are five.



TABLE 5. 47

LEVELS OF | SOCI TRATE | N NEURONS, ASTROCYTES AND
OL| GODENDROCYTES OF NORMAL AND HYPERAMMONEM C RAT BRAI N

STATE NEURONS ASTROCYTES OL| GODENDROCYTES
NORMAL 10.0+0.9 12.0+1.0 5.0+0.4
SUBACUTE 11.5+0.9 13.0+2.0 4.8+0.5
NS +15% NS +8* NS -4%
ACUTE 15.0+1. 4 20.0+2.0 6.5+0.5
p<0. 001 +50% p<0.001 +67% p<0.005 +30%
imM 12.0+1.0 1.3.0+1.2 5.04+0.3
p<0. 025 +20% NS +8% NC
5mM 15. 0+1. 2 18.0+1.5 6.1+0.5

p<0.001 +50% p<0.001 +50% p<0.02 +22%

Units: nmoles/mg protein. Each value is mean*S.D. Nunber of
experinents are five.

TABLE 5.48

LEVELS OF ISOCITRATE | N NEURONS AND SYNAPTOSOMES
OF NORMAL AND HYPERAMMONEMIC RAT BRAIN

STATE NEURONS SYNAPTOSOMES
NORMAL 10.0+0.9 18.0+2.0
SUBACUTE 11.5+0.9 17.5+1.6

NS +15% NS -3%
ACUTE 15.0+1. 4 21.0+2.2

p<C.001 +50% NS +17%
1mM 12.0 + 1.0 18.5 + 2.0

p<0. 025 +20% NS +3%
SmM 15.0+1. 2 19.5+1. 8

p<2.001 +50% NS +8%

Units: nmoles/mg protein. Each value |sroean+"S.D. Number of
experinments are five.
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TABLE 5. 49

LEVELS OF 2-OXOGLUTARATE | N NEURONS, ASTROCYTES AND
OL| GODENDROCYTES OF NORMAL AND HYPERAMMVONEM C RAT BRAI N

STATE NEURONS ASTROCYTES OL| GODENDROCYTES
NORMAL 5.2+0.48 7.3+0.67 0.97+0.08
SUPACUTE 6.7+0.5 8.4+0.9 1. 25+0. 135
p<0.005 +30% NS +15% p<0.02 +29%
ACUTE 9.0+1.0 12.9+1. 4 1.37+0. 13
p<0.001 +73% p<0.001 +77% p<0.005 +41%
1mM 6. 5+0. 7 8. 3+0. 67 1.00+0.1
p<0.025 +25% NS +14% NS +3%
S5mM 7.8+0. 4 10. 7+1. 2 1. 30+0. 13
p<0.001 +50% p<0.00~5 +47% p~0.005 +34%
Unita: fmoles/cell. Each value is mean*S.D. Number of

experiments are five.

TABLE 5.50

LEVELS OF 2- OXOGLUTARATE | N NEURONS, ASTROCYTES AND
OLI GODENDROCYTES OF NORMAL AND HYPERAMMONEM C RAT BRAIN

STATE NEURONS ASTROCYTES OL| GODENDROCYTES
NORMAL 12.021.1 11.0+1.0 6.0+0.5
SUBACUTE 16. 2+1. 2 13.0+1. 4 7.5+0. 81

p<0.005 +35% NS +18% p<0.02 +25%
ACUTE 20.0+2.3 18.5+2. 0 8.1+0.8

p<0.001 +67* p<0.001 +68% p<0.005 +35%
1mM 15.041.6 12.5+1.0 6.5+0. 6

p<0. 025 +25* NS +14% NS +8*
5mM 18.0+1.0 16. 0+1. 8 8.0+0.8

p<0. 001 +50* p<0.005 +45* p<0.01 +33*
Units: nmoles/mg protein. Each value |a mean+S.D. Nunmber of

experiments are five.
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TABLE 5.51

LEVELS OF 2-0XOGLUTARATE | N NEURONS AND SYNAPTOSOMES
OF NORVAL AND HYPERAMMONEM C RAT BRAIN

STATE NEURONS SYNAPTOSOMES
NORMAL 12.0+1.1 19. 042 .0
SUBACUTE 16.2+1.2 24.0+3.0
p<0.005 +35% p<0.05 +26%
ACUTE 20.0+2.2 30.0+4.0
p<0.001 +¢67% p<0. 005 +58%
1mM 15.0+1.6 22.0+1.0
p<0. 025 +25% p<0.05 +16%
SmM 18.0+1.0 26.0+3.0
p<C.0C1 +50% p<0.01 +37%

Units: nmoles/mg protein. Each value is mean+S.D. Nunber of
experiments are five.

TABLE 5.52

LEVELS OF MALATE | N NEURONS, ASTROCYTES AND
OL1 GODENDROCYTES OF NORMAL AND HYPERAMMONEM C RAT BRAI N

STATE NEURONS ASTROCYTES OL| GODENDROCYTES
NORMAL 6.5+0.3 12.0+1 .3 1.3040.11
SUBACUTE 6.7+0. 4 13.5+1.3 1.80+0.1

NS +3% NS +13%  p<0.001 +38%
ACUTE 9.0+0.86 17.5+0.8 2.00+0. 17

p<0.005 +38* p<0.001 +46%  p<0.001 +59%
1mM 6.8+0.3 13.3+1. 3 1.45+0. 13

NS +5%* NS +11* NS +12%
Smd . 8. 3+0. 87 15.3+2. 0 1.77+0.1

p<0.01 +28* p<0.05 +28* p<0. 001 +36*

Units: fmoles/cell. Each value is mean+S.D. Number of
experiments are five.
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TABLE 5.53

LEVELS OF MALATE | N NEURONS, ASTROCYTES AND
OL| GODENDROCYTES OF NORMAL AND HYPERAMMONEM C RAT BRAI N

STATE NEURONS ASTROCYTES OLIGODENDROCYTES
NORMAL 15.0+40.6 18.0+2.0 8. 0+0. 7
SUBACUTE 16.0+0.9 21.0+2.0 11.0+0.8
NS +7% NS Y7 p<0. 001 +38*
ACUTE 20.0+1.9 25.0+1.2 12.0+1.0

p<0.005 +33% p<0.001 +39% p<0.001 +50%

1mM 15." .7 -
NS +5* NS

(o]

9. 0+40. 8

.0+2.0
+ 11* NS + 12%

SmM 19.0+2.0 23.0+3.0 11.0+0.9
p<0.01 +27% p<0.05 +28% p<0.005 +38%

Units: nmoles/mg protein. Eech value is mean+S.D. Numi:r of
experiments are five.

TABLE 5,54

NEURONS AND SYNAPTOSOMES

LEVELS OF WNALATE IN
AND HYPERAMMONEMIC RAT BRAIN

0F NORMAL
STATE NEURONS . SYNAPTOSOMES
NORMAL 15.040. 6 19.0+2.0
SUBACUTE 16. 0+0. 9 22.0+2.0

NS +7% NS +16%
ACUTE 20.0+1.9 26.0+3.0

p<0. 005 +33* p<0.01 +37%
1mM 15.7+0. 7 21.0+1.0

NS +5% NS +10*
5mM 19.0+2. 0 25.0+2.0

p<0.01 +27* p<0.01 +32*

Units: nmoles/mg protein. Each value |la mean+S.D. Nunmber of
experiments are five.
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TABLE 5.55

LEVELS OF ATP | N NEURONS, ASTROCYTES AND
OLIGODENDROCYTES OF NORMAL AND HYPERAMMONEMIC RAT BRAIN

STATE NEURONS ASTROTYTES OLIC2ODENDROCYTES
NORMAL 13.5+1.1 23.042.53 2.9040.3
SU3ACUTE 12.2+0.9 23.7+2.4 3.30+0.3

NS -10% NS + 3% NS +145
ACUTE 15.0+1. 4 22.8+2.2 3.30+0. 32

NS +11% NS -1* NS +14%
1mM 13.6+1.6 22.7+2. 4 2.85+0. 26

NS +1% NS -1 NS -2%
5mM 15.0 1.4 23.0 + 2.1 2.98 + 0.3

NS +11% NC NS +3%
Units: fmolea/cell. Each value is mean+S.D. Number of

experiments are five.

TABLE 5.56

LEVELS OF ATP I N NEURONS, ASTROCYTES AND
OL| GODENDROCYTES OF NORMAL AND HYPERAMMONEMIC RAT BRAIN

STATE NEURONS ASTROCYTES OLIGODENDROCYTES
NORMAL 31.042.5 35.0+3.8 18.0+2.0
SUBACUTE 29.2+2.2 36.8+3. 7 20.0+2.0

NS -6% NS +5% NS +7%
ACUTE 33.2+3.2 32.6+3.4 19.5+1.9

NS +7% NS -7% NS -5%
1mM 31.3+2.4 34.0+3.6 17.7+1.6

NS -1% NS -2% NS -1%
5mM 32.6+2.8 34.5+3. 2 18.5+1.9

NS +5% NS -1% NS +3%
Units: nmoles/mg protein. Each

experiments are five.

value is nean+S.D. Nunber of
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TABLE 5.57

LEVELS OF ATP I N NEURONS AND SYNAPTOSOMES
OF NORMAL AND HYPERAMMONEMIC RAT BRAIN

STATE NEURONS SYNAPTOSOMES
NORMAL 31.0+2.5 32. 04 .0
SUBACUTE 29.2+2.2 34.0+2.7

NS -6* NS +6%
ACUTE 33.2+3.2 35.5+3.8

NS +7% NS +11%
1mM 31.3+2.4 . 31.0+3.0

NS -1% NS - 3*
SmM 32.6+2.8 33.3+3.1

NS +5* NS +4%
Units: nmoles/mg protein. Each value is mean+S.D. Number of

experiments are five.

TABLE 5.58

LEVELS OF ADP | N NEURONS, ASTROCYTES
OLI GODENDROCYTES <F NORVMAL AND HYPERAMMONEM C RAT BRAI N

STATE NEURONS ASTROCYTES OL| GODENDROCYTES
NORMAL 9.6+0.65 16.0+1.2 1.60+0.:3
SUBACUTE 8.7+40.8 16.2+1.4 1.70+0.13
NS -9% NS +1% NS + 6*
ACUTE 10.2+0.9 17.8+1. 4 1.83+0.15
NS +6% NS +11* NS +14%
1mM 9.4+0. 6 15.5+1.1 1. 66+0. 13
S -2% NS -3% NS +4%
SmM 10. 2+0. 7 17.1+1. 3 1.70+0. 14
NS +6% NS +7% NS +6%
Units: fmoles/cell. Each value is mean+S.D. Nunber of

experiments are five.
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TABLE 5.59

LEVELS OF ADP | N NEURONS, ASTROCYTES
OL| GODENDROCYTES OF NORMAL AND HYPERAMMONEMIC RAT BRAIN

STATE NEURONS ASTROCYTES OL| GODENDROCYTES
NORMAL 22.0+1.5 24.0+1.8 9. 8+0. 8
SUBACUTE 20.9+2.0 25.1+1.8 10. 1+0.9
NS -54 NS + 54 NS +4%
ACUTE 22.5+1.9 25.4+2.0 10. 8+0.9
NS +2 % NS + 64 NS +94
1mM 21.7+1. 4 23.3+1.7 10. 3+0. 8
NS -24 NS -34 NS +54
5mM 23.5+1.7 25.7+2.0 10.6+0.9
NS +74 NS +74 NS +84

Units: nmoles/mg protein. Each value is mean+S.D. Number of
experinments are five.

TABLE 5.60

LEVELS OF ADP IN NEURONS . SYNAPTOSOMES
OF NORMAL AND HYPERAMMONLI.IC RAT BRAIN

STATE NEURONS SYNAPTOSOMES
NORMAL 22.0+1.5 14.0+1.0
SUBACUTE 20.9+2.0 14.6+1. 1

NS -54 NS +4 4
ACUTE 22.5+1.9 15.5+0. 9

NS +24 NS +114
1mM 21.7+1.4 13.7+0.8

NS -24 NS -24
5mM 23.5+1. 7 14.7+1.0

NS +74 NS +54

Units: nmoles/mg protein. Each value is mean+S.D. Number of
experiments are five.
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BLE 5.61

PYRUVATE DEHYDROGENASE ACTIVITY I N SYNAPTOSOVES AND CELLULAR
FRACTI ONS OF NORMAL AND HYPERAMMONEM C RAT BRAI NS

FRACTI ON

NORVAL SUBACUTE ACUTE
NEURONS A 10.9+1.5. 12.3+1.3 11.2+1.97
NS +13% NS +3%
B. 25 + 1.7 ¢«?2 + 4.4 31 . 6 + 4 . 4
NS +17* p<0.02 +27%
ASTROCYTES A 13.3+1.6 21+1.5 22.8+4.3
p<0.221 +58* p<0. 005 +71*
B. 20+1.8 25+3.9 27+3.6
p<0.05 +25% p<0.01 +34%
oLIGo CELLS A 1.92+0.3 2.6+0. 54 2.64+0. 2
p<0.05 +35% p<0. 005 +38*
B. 12+2 15.4+2.5 15.4+1. 7
p<0.05 +28* p<0. 025 +28*
SYNAPTOSOMES B. 3.42+0.33 8.7+0.77 13.2+2.6
p<0.001 +154* p<0.001 +285%
Units: A pinoles of NAD reduced/cell/hr; B: mumoles of NAD

reduced/mg protein/hr.
is mean + S.D

Number of

experiments are five.

Each val ue



TABLE 5.62

Cl TRATE SYNTHETASE ACTIVITY I N SYNAPTOSOMES AND CELLULAR
FRACTI ONS OF NORMAL AND HYPERAMMONEMIC RAT BRAI NS

FRACTI ON

NORNVAL SUBACUTE ACUTE
NEURONS A 7.82+0.9 .12.8+1.1 13.4+3. 2
p<0.001 +64% p<0.01 +71x%
B. 20 . 9 + 6 1 23+4 329 +4 . 5
NS +12% p<0.05 +39%
ASTROCYTES A 11.3+1.2 14.6+2. 2 12.9+0. 7
p<0.02 +29% p<0.05 +15%
B. 16+2. 6 20.2+3.7 24.4+5. 4
p<0.05 +26% p<0.02 +52%
OLIGO CELLS A, 1.44+0.18 1.6+0. 33 1.91+0. 18
NS +11% p<0.02 +33%
B. 9+1.2 9.3+1.5 10.8+1.5
NS +3% NS +20%
SYNAPTOSOMES B. 32+4 37+8 32+2
NS +16% NC
Unite: A: pinoles of DINB reduced/cell /hr; B: umolea of DTNB

reduced/mg protein/hr.
is mean + S.D.

Number of
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TABLE 5.63

ISOCITRATE L:tiYDROGENASE ACTIVITY IN SYNAPTOSOMES AND CELLULAR
FRACTI ONS OF NORVAL AND HYPERAMMONEMIC RAT BRAI NS

FRACTI ON NORMAL SUBACUTE ACUTE
NEURONS A 7.2+0.6 8.75+1.0 11.8+1
p<0.02 +22% p<0.001 +64%
B. 16.7+1.1 21+2. 4 26+2
p<0.05 +27% p<0.0Q +56%
ASTROCYTES A 9. 6+1. 27 12.2+1. 4 15.7+1. 3
p<0.05 +27% p<0.001 +64%
B. 14.4 + 1.9 19 + 2.2 22 + 1.8
p<0. 025 +32% p<0. 005 +53%
OLIGU CELLS A 1.98+0.13 2.82+0.3 3.1+0. 27
p<0.005 +42% p<0.001 +57%
B. 12.2+0.8 16.9+1.8 18+1. 6
p<0. 005 +39% p<0. 001 +48%
SYNAPTQSOMES B. 11.4+1.72 15. 7+0. 99 16.2+3. 3

p<0. 005 +32%

p<0.025 +42%

Units: A pmoles Oof NAD reduced/cell/hr; B: umoles of NAD
reduced/mg protein/ hr. Nunber

is mean + S.D.

of

experiments are five. Each val ue
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TABLE 5. 64

2-0X0GLUTARATE DEHYDROGENASE ACTI VITY IN SYNAPTOSOMES AND
CELLULAR FRACTI ONS OF NORMAL AND HYPERAMMONEMIC RAT BRAI NS

FRACTI ON NORMAL SUBACUTE ACUTE
NEURONS A 9.28+0.9 11.64+2.1 14.9+43.5
p<0.05 +25% p<0. 01 +61%
B. 21.6+3.7 27+3.3 32.2+4
p<0.05 +26% p<0.005 +50%
ASTROCYTES A 11.7+1.9 18.8+2.7 31.9+42.9
p<0.005 +61% p<0. 001 +173%
B. 17.5+2.6 26.8+3.7 34.2+3.3
p<0. 005 +53% p<0.001 +95%
OLIGO CELLS A 2.4+0.5 2.8+0.5 4.28+1.3
NS +15% p<0. 025 +76%
B. 15.2+2.6 18.2+3.7 20.5+3.3
NS . +20% p<0.025 +35%
SYNAPTOSOMES B. 19.5+1.99 25+1. 62 24+3. 3
p<0. 005 +28% p<0.05 +23%
Units: A pinoles of NAD reduced/cell/hr; B:

reduced/ ne protein/hr.

is mean + S.D.

Number of
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pmoles Of NaD”
experimente are five.

Each val ue



TABLE. 5.65

SUCCI NATE DEEYDROGENASE ACTIVITY IN SYNAPTOSOMES AND CELLULAR
FRACTI ONS OF NORVMAL AND HYPERAMMONEMIC RAT BRAI NS

FRACTI ON

NORMAL st ACUTE ACUTE
NEURONS A 0.28+0.034 . 0.45+0.1° 0. 61+0. 07
p<0.02 +61% p<0.001 +118%
B. 0.51+7.17 0.96+0.19 1.23+0.22
p<0. 005 + 88% p<0.001 +141%
ASTROCYTES A 0.22+0.024 0.5140.097 0.59 +0. 087
p<0. 001 +137% p<0.001 +174%
B. 0. 3+0. 06 0.69+0.08 0. 9+0. 17
p<0.001 +130% p<0.001 +207%
OLIGO CELLS A. 0.03+0.001 0. 03+0. 004 0. 04+0. 001
NS +7% p<0. 001 +43%
B. 0.17+0.02 0. 18+0. 03 0.23+0.04
NS +6% p<0.02 +35%
SYNAPTOSOMES B. 0.53+0. 06 0. 73+0. 016 0. 92+0. 15
p<0.001 +38% p<0.005 +74%
Units: A pinoles of succinate oxidized/cell/hr;

succinate oxidized/mg protein/hr.

Each value is mean + S. O

Number
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TABLE 5.66

MALATE DEHYDROGENASE (MALATE — OXALOACETATE) ACTIVITY IN
SYNAPTOSOVMES AND CELLULAR FRACTI ONS OF NORMAL AND

HYPERAMMONEMIC RAT BRAI NS
FRACTI ON NORMAL SUBACUTE ACUTE
NEURONS A 29+1. 3 20.6+2. 6 18. 9+2. 75
p<0.001 -30% p<0.001 -35%
B. 55+6. 8 45+5 .6 41+5
p<0.05 -18% p<0.01 -25%
ASTROCYTES A 104+8. 7 101+18. 6 84+ 10
NS -33 p<0.01 -19%
B. 156+6. 4 141+11. 1 116+14.5
NS -9% p<0.001 -25%
CLIGO CELLS A 6.86+0.9 6. 5+0. 6 7.3+1.1
NS ~5% NS +6%
B. 43+6.4 39.4+5.2 41 +5.6
NS -8% NS -4%
SYNAPTQSONMES B. 388+33 285+ 24 21421
P<0.005 -27% P<2.005 -35%

lea of NAD reduced/cell/hr; B:
Nunber of

Units: A pr,
reduced/ ne protein/hr.
iS mean + S.D.
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TABLE 5.67

MALATE DEHYDROGENASE ( OXALOACETATE --> MALATE) ACTIVITY IN
SYNAPTOSOMES AND CELLULAR FRACTI ONS OF NORMAL AND
HYPERAMMONEMIC RAT BRAI NS

FRACTI ON NORMAL SUBACUTE ACUTE
NEURONS A 36+0.7 42.3+1.8 34+6.8
p<0.001 +20% NS -3%
B. 70+5 93+13. 6 75+8
p<0.01 +3ax% NS +8%
ASTROCYTES A 42+4, 2 42.6+2. 2 41. 7+7
NS +2% NS - 1%
B. 63+11 78+7.0 71.6+8
p<0.025 +30% NS +19%
OLIGO CELLS A 5.9+0.5 6. 6+0.4 6. 9+1
NS +12% NS +17%
B. 37+4. 2 42. 4+4. 7 41+45. 4
NS +15% NS +12%
SYNAPTUSOMES B. 462+35 556+28 383+25

p<0.005 +20%  p<0.005 -17%

Units: A pmoles of NADH oxidized/cell/hr; B: pmoles of NADH

oxidized/mg proteln/hr. Number of experiments are five. Each val ue
La mean + S.D.
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ASPARTATE AMINOTRANSFERASE ACTIVITY

TABLE 5.68

I'N SYNAPTOSOMES AND CELLULAR

FRACTI ONS OF NORMAL AND HYPERAMMONEMIC RAT BRAI NS

FRACTI ON NORMAL SUBACUTE ACUTE
NFURONS A 13.4+42.5 13.5+1. 6 11.9+2.5
us NS -11%
B. 27+5 32+3. 7 27.8+4.6
NS + 17% NS + 2%
ASTROCYTES A, 23.5+43.2 14. 4+4.9 16+3. 2
p<0.02 -39V p<0.01 -32%
B. 35+5 24+4.5 21.8+2.8
p<0.025 -31% p<0.001 -38%
OLIGO CELLS A 1. 9+0. 2 1.45+0.3 1.3+0.3
p<0.02 -24% p<0.005 -32%
B. 12+1. 2 8.7+1.6 8.2+1.6
p<0.01 -28% p<0.005 -32%
SYNAPTOSOMES B. 192+8. 3 108+13 84+12
P<0.001 -44% P<0.001 -56%
Units: A: proles of NADH oxidized/cell/hr; B: umoles of NADH

oxidized/mg protein/hr. Number of experiments are five. Each value

is mean + S.D.
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TABLE 5.69

LEVELS OF ASPARTATE | N NEURONS, ASTROCYTES AND
OL| GODENDROCYTES OF NORMAL AND HYPERAMMONEM C RAT BRAI N

STATE NEURONS ASTROCYTES OL1 GODENDROCYTES
NORMAL 12.2 + 1.3 12.7+1.3 1.45+0. 13
SUBACUTE 10.0+1.25 9.7+0.8 1.17+0. 12

NS -18% p<0.01 -244 p<0.02 -194
ACUTE 9.0+0.45 7.0+0. 63 1. 00+0. 08

p<0. 005 -264 p<0.001 -454  p<0.001 -31%
1mM 11. 3+0.9 11.3+1.0 1.32+0. 11

NS ~74 NS -11% NS -9%
5mM 10.4+1.3 8.0+0.7 1.13+0.09

NS -15% p<0.001 -374 p<0.01 -224
Units: f molea/cel 1. Each value |a mean+S.D. Number of

experimenta are five.

TABLE 5.70

LEVELS OF ASPARTATE | N NEURONS, ASTROCYTES AND
OL1 GODENDROCYTES COF NORMAL AND HYPERAMMONEM C RAT BRAIN

STATE NEURONS ASTRNCYTES OL1 GODENDROCYTES
NORMAL 28.0+3.0 19.0+2.0 9.0+0.8
SUBACUTE 24.0+3.0 12.0+1 .. 7.0+0 7

NS -144 p<0.001 -374 p<0.01 -224
ACUTE 20.0+1.0 10. 0+0. 9 6.0+0.5

p<0.005 -28% p<0.001 -474  p<0.001 -334
1mM 26.0+2.0 17.0.1.5 8.2+0.7

NS -74 NS -114 NS -94
5mM 24.0+3.0 12.0+1.2 7.0+0.6

NS -144 p<0.001 -374 p<0.01 -224
Units: nmoles/mg protein. Each value is mean+S.D. Numbe: of

experinents are five.
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TABLE 5.71

LEVELS OF ASPARTATE | N NEURONS AND SYNAPTOSOMES
OL| GODENDROCYTES OF NORMAL AND HYPERAMVONEM C RAT BRAIN

STATE NEURONS SYNAPTOSOMES
NORMAL 28.0+3.0 36.0+4.0
SUBACUTE 24.0+3.0 30.0+3.0

NS -14% NS -17*
ACUTE 20.0+1.0 28.0+2.0

p<0.005 -28% p<0.02 -22%
1mM 26.0+2.0 31.0+4.0

NS -7% NS -14%
SmM 24.0+3.0 28.0+3.0

NS -14% p<0.02 -22%

Units: nmoles/mg protein. Each value is mean+S.D. Number oOf
experinents aire five.

TABLE 5.72

LEVELS OF GLUTAMATE I N NEURONS AND SYNAPTOSOMES
OF NORMAL AND HYPERAMVONEM C RAT BRAI N

STATE NEURONS SYNAPTOSOMVES
NORNAL ND 170420
SUBACUTE ND 160+20

NS -6%
ACUTE ND 150+20

NS -12 %
1mM ND 180+30

NS +6%
Smi ND 150+30

NS -12%

Units: nmoles/mg protein. Each value is mean+S.D. Number oOf
experinents are five.



SUMMARY



SUMVARY

(1) Metabolism of glucose and the activities of enzymes Of
enzymes jnvolved in glucose metabol.sm were studied in the
homogenates, subcellular fractions and three different cell
types (neurons, astrocytes and oligodendrocytes) were studied

in the brains of normal and hyperammmonemic rats.

(2) Hyperammonemia waa induced by an intraperitoncal adm nis-
tration of either a subacute dose (0.35 mmol es/ 100 gm body-
wei ght) or an acute dose (2.5 mmol es/ 100 gm body wei ght) of
ammonium acetate. Brains were isolated 25 min after the
adminigtration of ammonium acetate. Homogenates were prepared
fromthree different brain regions (cerebral cortex, cere-
bellum and brain stem) while subcellular fractions and diffe-
rent cell types were isolated from cerebral cortex only.
Simlar preparations were also obtained from the brains of

normoammonemic rats.

(3) In general, administration of ammonium acetate resulted
in an elevation in the activities of all the alycolytic
enzymes in the three regions of the brain with very few
exceptions. This change was seen in both subacute and acute
group of rats. Simlarly, the activities of pyruvate dehydro-
genase and other enzymes of citric acid cycle were elevated

under these conditions. The only exception to this was the
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decrease in nal ate dehydrogenase activity (malate >
oxaloacetate) in all the three regions of brain in hyperammo-
nem c states. Aapartate aminotransferase activity was also
suppressed under these conditions. From these results, it
was suggested that the operational rates of glycolytic
pathway and citric acid cycle may not be conpromised in brain
in hyperanmonenic states. How ever, the operation of malate-

aspartate shuttle may be affected under these conditions.

(4) Cytosol and mitochondria were prepared from the cerebral
cortex of normal and hyperanmonemic rat brain by differential
and density gradient (Ficoll) centrifugations. These were
incubated with {U-'4Clglucose and the production of '4C0. was
measured. In fractions isolated from the brains of hyperanmo-
nenmic rats, there was an increase in the '4CO. production.
Addition of 5 mM ammonium acetate to the subcellular frac-
tions of normal rat Drain also enhanced the production of
14C0e but it was statistically significant at 5 mM ammoni um

acetate,

(5) These subcellular fractions were incubated with glucose
for 30 min and the levels of glucose-6-phosphate, fructose-6-
phosphate, phosphoenolpyruvate, pyruvate, |actate, citrate,
isocitrate, 2-oxoglutarate, nalate, glutamate, aapartate, ATP
and ADP were neasured. In general, there was an increase in

the contents of all these netabolites except lactate, ATP,
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ADP, glutamate and aspartate. More or leas simlar results
wer e obtained when the subcellular fractions of cerebra
cortex of normal rata were incubated with 1 and 5 rafl ammonium
acetate and glucose. In all these conditions, a fall in the
contents of lactate, aspartate and glutamate was observed

These observations supported the above suggestion (see above

-3,

(6) Activities of enzynes of glycolytic pathway, pyruvate
dehydrogenase and of citric acid cycle were also determined
in the cortical cytosol and mtochondria of normal and
hyperammonemi C rats. The activities of all the glycolytic
enzymes (except |lactate dehydrogenase), pyruvate dehydro-
genase and of citric acid cycle (except malate dehydrogenaae,

nalate > oxaloacetate) were observed to be el evated.

(7) Lactate dehydrogenase activity (pyruvate > lactate)

and nal ate dehydrogenase (mal ate > oxaloacetate) were
found to be suppressed under these conditions in these sub-
cellular fractions. Simlarly, the activities of aspartate

aminotranaferase and al anine aminotransferase were also

suppressed.

(8) An interesting observation of this study was an el evation
in the activities of pyruvate dehydrogenase and citric acid
cycle in the cytosol in hyperanmonenmic states. This result

was interpreted to be due to the presence of a small popu-
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lation of mtochondria which are vulnerable to elevated
level s of amonia in brain. These mitochondria mght rupture
and release their contents into the cytosol in hyperamonen c

states.

(9) Neuronal perikarya, aatrocytes, oligodendrocytes and
synaptosomes were ~lso prepared from the cerebral cortex of
normal and hyperammonemic rate. Theae preparations were
characterized by light mcroscopy (except eynaptosones) and

by using marker enzynes.

(10) Theae cell preparations and synaptosomes Were incubated
with [U-*'4Clglucose and production of *4C0. was determ ned.
There was an increase in the production of '4C0. from gl ucose

in the preparations from hyperamopnenic rats.

(11) Theae preparations were incubated with glucose and the
metabolites (aee above -5) were determ ned. Excepting gluta-
mate, all the above nentioned netabolites were detectable in
these preparations and the glutamate content was bel ow the

I evel of detection under these experinental conditions.

(12) The levels of all the nmetabolites (except citrate,

aspartate, ATP and ADP) were elevated in all the preparations
(when they were incubated with glucose) from the hyperamo-
nemc rats. This effect was mmnmicked to a large extent by the

invitro addition of 1 and 5 mM ammoni um acetate to the
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preparations fromnormal animls. Aspartate levels were
observed to decrease under these conditions and those of ATP

and ADP were unaltered.

(13) Activities of enzymes Of glycolytic pathway, of pyruvate
dehydrogenase and of citric acid cycle were also deternined
in the above preparations fromnormal and hyperammonemic
rats. There was a generalized increase in the activities of
all these enzymes except malate dehydrogenase (malate >

oxaloacetate) and aspartate aminotransferase.

(14) Fromthese results it is suggested that the operational
rates of glycolytic pathway and of citric acid cycle, and
thus glucose utilization, may not be compromized atleast in
acute hyperammonemic states but the transport of reducing
equi val ents across mitochondrial nenbranes may be affected

under these conditions.
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Cerebral Citric Acid Cycle Enzymes in
Methionine Sulfoximine Toxicity

L. Ratnakumari, G.Y.C.V. Subbalakshmi, and Ch.R.K. Murthy

School of Life Sciences, University of Hyderabad, Hyderabad (L.R., Ch.AR.K.M.),
and Department of Neurochemistry, National Institute of Mental Health and
Neurosciences, Bangalore, (G.Y.C.V.S.), India

The activity levels of pyruvate dehydrogenase. enzymes of the citric acid cycle,
aspartate and alanine aminotransterases, and NADP *-isocitrate dehydrogenase
were determined in the cerebral cortex. cerebellum, brain stem, corpus striatum,
hippocampus, and midbrain regions of normal rats and rats injected with acute
and subacute doses of methionine sulfoximine (MSI). In both conditions there was
an elevation in the activities of pyruvate dehydrogenase and all the enzymes of the
citric acid cycle except malate dehydrogenase. whereas the activities of amino-
transferases and NADP "-isocitrate dehydrogenase were suppressed in al the
cerebral regions. It is suggested that the operational rates of the citric acid cycle
would be enhanced in MSl-induced hyperammonemia and that there might be a
derangement in the transport of reducing equivalents across mitochondrial mem-
branes. It has been suggested that the convulsant action of the drug is due to its
effects on ionic gradients and may not be due to depletion of a-ketoglutarate from
the citric acid cycle.

Key words: methionine sulfoximine. hyperammonemia, brain, citric acid cycle

INTRODUCTION

Methionine sulfoximine (MSI) is a potent convulsant used to study experimental
epilepsy, and the symptoms observed in experimental animals have been very close
to those encountered clinically in humans. The principle mechanism of action of MSI
has been shown to be irreversible inhibition of glutamine synthetase. an enzyme
involved in detoxifying ammonia in extrahepatic tissues such as brain [Sellinger and
Weiler. 1963; Lamar and Sellinger, 1965; Lamar, 1968; Ronzio et al. 1969}, thus
leading to a hyperammonemic state (Tews and Stone, 1964; Folbergrova et al, 1969:
Subbalakshmi and Murthy. 1984).

Elevated ammonia levels in brain may interfere with the energy production in
brain by draining «-ketoglutarate. from the citric acid cycle, into glutamate formation
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by reductive amination mediated by glutamate dehydrogenase [Bessiman and Bess-
man, 1955]. However, the evidence for alteration in the levels of a-ketoglutarate and
ATP in brain in hyperammonemic states is contradictory [Schenker et al, 1967
Hindfelt and Seisjo, 1970; Hawkins et al. 1973; Vergara et al. 1974; McCandless and
Schenker, 1981}. Though much information is available on the content of the citric
acid cycle intermediates in hyperammonemic states, less attention has been focused
on MSI toxicity.

We report an elevation in the activities of pyruvate dehydrogenase and key
enzymes of the citric acid cycle except malate dehydrogenase in MSI toxicity.
furthermore, we observed a suppression in the activities of aspartate and alanite
aminotransferases and N/\l')i’*»dependent isocitrate dehydrogenase. These results
indicated an increase, rather than a decrease, in the operational rates of cerebral citric
acid cycle in MSI toxicity. It is also suggested that the transport of reducing cquivi-
lents across (he mitochondrial membranes might be impaired in MSI toxicity.

MATERIALS AND METHODS

Coenzyme A, acetyl coenzyme A, thiamine pyrophosphate, sodium pyruvate,
a-ketoglutarate, DL-dithiothreitol, L-malic acid, DL-isocitratc, succinate, oxaloace-
tate, ADP, L-aspartatc, L alanine; lactate and malate dehydrogenases: dithiobis
nitrobenzoic acid, phenazine methosulfate, NAD ', NADH, and NADP ' were pur-
chased from Sigma Chemical Company, St. Louis. Missouri. 2-(4-loadophenyh-3-(4-
nilrophenyl)-5-phenyl tetrazolium chloride (INT) was from Loba Chemic, India.
Dichlorophenol indophenol was purchased from V.P. Chest Institute, India and Triton
X-1(X) was from Koch-Light Laboratories. UK. The rest of the chemicals were of
AnataR or GR grade and were purchased locally. The commercial enzymes were
dialyzed to remove ammoniun sulfate and were reconstituted into 50% (v/v) glyccml
to give a protein value of 0.5 ing/ml.

Adult Wistar rats of 250-300 g body weight and of either sex from an inbred
colony of the vivarium were used. Food (balanced pellet diet from Pragathi Animal
Feeds, India)and water was given ad libitum.

Drug Treatment

Methionine sulfoximine was administered intraperitoncally with saline as a
carrier. Tor acute experiments a dose of 300 mg/kg body weight was used, for the
subacute group a dose of [50mg/kg body weight was used. Control animals received
none. The animals in the acute group were decapitated at the end of 3.5 hr and those
of the subacutc group at the end of 17.5 hr. Brains were quickly removed and washed
with ice-cold saline. Cerebral cortex, cerebellum, brain stem, hippocampus, and
corpus striatum were separated at 4°C: the rest of the brain designated as midbrain
includes thalamus. hypothalamus, and related structures. Finally, 10% homogenates
(w/v) were prepared in 0.32 M sucrose containing 0.2% (v/v) Triton X-1(00).

In Vitro Experiments

To the homogenates of different cerebral regions that were prepared from
normal animals, methionine sulfoximinc was added to a final concentration of 1 uM/
ml. and the enzyme assays were performed with this preparation.
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Enzyme Assays

In the assays of dehydrogenases (except succinate dehydrogenase) phenazine
methosuitate was used as intermediary electron acceptor and INT as the fina electron
acceptor. The reduction of INT was followed in a spectrophotometer at 500 nm. In
the assay of succinate dehydrogenase the fina electron acceptor was dicholorophenol
indophenol. All assays were carried out at 37°C in a Gilford spectrophotometer with
athermoprogrammer.

Pyruvate dehydrogenase was assayed by the method of Hinman and Blass
[1981]: citrate synthase by the method of Shepherd and Garland [1969}. NAD " -
isocitrate dehydrogenase by the method of Plaut {1969]: a-ketoglutarate dehydrogen-
ase by the method of Reed and Mukherjee [1969]; succinate dehydrogenase by the
method of Veeger et al [1969]; malate dehydrogenase by the method of Yoshida
[1969]; aspartate, alanine aminotransferases, and NADP™-isocitrate dehydrogenase
by the method of Bergmeyer and Bernt [ 1974a.b.c}. In dl the assays the final volume
was 250 ul, and 10 ul of 10% (w/v) homogenate was used except for aminotransfer-
ases. where only 1 ul was used. Protein content was determined by the biuret method
as described by Varley [1969].

INT was converted to formazan by both enzymatic and chemical methods. In
the former, purified malate dehydrogenase was used and NAD ™ concentrations were
varied from 0.01 to 0.1 wm. In the chemical method INT concentration was varied
from 20 to 100 nm, and reduction was carried by the addition of 10 ul of 1 % ascorbic
acid and 10 ul of I N NaOH in sodium phosphate buffer (12.5 um; pH 7.8). A
standard curve was prepared for NAD* and INT by correlating the optical density
values obtained by these methods.

Statistical analysis of the method was carried out by the Student t test.

RESULTS
Behavioral Changes

The behavioral changes in rats following the administration of MSl observed in
the present investigation were similar to those reported earlier [Subbalakshmi and
Murthy. 1981. 1983, 1984; Subbalakshmi, 1981; 1984]. The preconvulsive phase
included lethargy. abnormalities in gait and posture, and loss of righting reflexes. The
onset of convulsions was noticed at the end of 3.5 hr after the administration of MSI
in the acute group; in the subacute group it was a the end of 175 hr. Following this,
the animals exhibited uncontrolled rolling along their body axis, and mortality after
this period was high. Hence. the animals were sacrificed during convulsions.

Changes in Pyruvate Dehydrogenase and the Enzymes of the Citric Acid
Cycle

In the normal animals. the activity of malate dehydrogenase was the highest and
that of succinate dehydrogenase was the lowest. Activities of pyruvate. a-ketoglutar-
ate, and malate dehydrogenases were higher in cerebral cortex, whereas brain stem,
midbrain, and hippocampus had the highest levels of citrate synthase. NAD " -isocit-
rate dehydrogenase, and succinate dehydrogenase, respectively (Tables | and I1).

In animals injected with an acute dose of MSI, an increase in the activities of
pyruvate dehydrogenase was noticed along with the enzymes of the citric acid cycle
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except malate dchydrogenase and citrate synthase. The magnitude of increase ob-
served in the activity of pyruvate dchydrogenase was 17-fold in the corpus striatum,
whereas in other regions, it was 12-fold to 13-fold except in cerebral cortex, where
the change was only sevenfold (Table I). A statistically significant increase in the
activity of citrate synthase was noticed in cerebral cortex, cerebellum, and corpus
striatum, but in other regions the changes were not statistically significant (Table 1).
A fourfold elevation in the activity of NAD * -isocitrate dchydrogenase was observed
in all regions excepting in hippocampus (Table 1). Elevation in the activity of «-
ketoglutarate dchydrogenase was highest (sixfold) in the midbrain, whereas in other
regions it was threefold to fivefold over the controls (Table I1). The magnitude of
increase in the activity of succinate dchydrogenase was highest in the cerebellum and
least in the midbrain (Table 11). In contrast to the elevation observed in the above
enzymes of the citric acid cycle, the activity of malate dchydrogenase was suppressed
by the administration of MSI. This effect was maximal in hippocampus and least in
corpus striatum (Table I1).

The overall pattern of changes observed in the activities of the enzymes of the
citric acid cycle in the subacute group of animals was more or less the same as in the
acute group (Table | and Il). However, the magnitudes of elevation in the activity of
pvruvate and isocitrate (NAD 'y dehydrogenases were less than in the acute group
(Table 1). The activity of citrate synthasc was suppressed in the brain of the subacute
group of animals following the administration of MSI (Table 1). Maximal increase in
the activity of NAD * -isocitrate dehydrogenase occurred in hippocampus and cerebel-
lum and the least in midbrain (Table I). There was a twofold to fourfold stimulation
in the activities of a-ketoglutarate dehydrogenase and succinate dchydrogenase fol-
lowing the administration of a subacute dose of MSI (Table I1). Malate dchydrogenase
was suppressed in all cerebral regions of the subacute group of animals (Table 1)

Addition of MSI (in vitro) to the assay mixtures also resulted in similar changes
in the activities of these enzymes except for citrate synthase, where an 80 90%
inhibition was observed. The magnitude of activation was, however, less for pyruvate
and a-ketoglutarate dehydrogenases (Tables 1and I1).

Changes in Aminotransferases and NADP * -Isocitrate Dehydrogenase

The activities of both the aminotransferases were higher in cerebral cortex,
cerebellum, hippocampus, and midbrain than the other two regions in the normal
animals (Table I11). In both normal and experimental animals the activity of aspartate
aminotransferasc was higher than that of alanine aminotransferase. The activities of
both the aminotransferases were inhibited in all the cerebral regions following the
administration of MSI. The enzyme activity was suppressed by a factor of about 3-4
in the acute group of animals and about |-2 in the subacute group. However, in vitro
addition of MSI to the assay mixture had only marginal effects on the activity of these
enzymes (Table Iil).

The activity level of NADP *-isocitrate dehydrogenase was more or less the
same in all regions of the brain except in hippocampus and midbrain, where it was
greater (Table I11). Administration of MSI. both in acute and subacute doses, sup-
pressed the activity of this enzyme in all cerebral regions studied. However, the drug
had no effect on this enzyme when added in vitro except in cerebellum, where it was
stimulated (Table I11).
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Changes in Total Protein Content

In normal rats cerebral cortex had the highest protein content and hippocampus
had the lowest (Table 1V). Following the administration of an acute dose of MSI. a
small but significant decrease in the protein content was observed in cerebral cortex
and corpus striatum. However, in brain stem and hippocampus an elevation in the
protein content was observed, whereas in cerebellum and midbrain there was no
change. The rise observed in hippocampus was greater than the changes observed in
any other region (Table 1V).

In rats administered a subacute close of MSI, protein content was elevated in all
cerebral regions. The observed increase was maximal in brain stem and least in the
cerebral cortex (Table V).

DISCUSSION

Cerebral dependence on glucose for the sustenance of vital processes has been
repeatedly documented in the past. A major portion of this energy (about one-third)
is known to be diverted, through the enzyme Na*, K '-ATPasc [Siesjo, 1978|, for
the maintenance of ionic gradients. which are vital for cerebral functioning. Earlier,
we reported an elevation in the Na*.K *-ATPase activity in homogenates, neuronal
perikarya, glial cells, and synaptosomes following the administration of MSI {Subba-
lakshmi and Murthy. 981, 1983, 1984; Subbalakshmi, 1981, 1984|. Elevation in the
activity of this enzyme would not only affect the ionic gradients but also enhance the
production of ADP. which is supposed to act as a positive modulator for glucose
utilization IMcllwain and Bachelard, 1971; Siesjo, 1978]. However, this hypothesis
contradicts the role of ammonia (accumulated owing to the inhibition of glutamine
synthetase by MSI) in cerebral dysfunction, as proposed by Bessman and Bessman
| 1955]. As mentioned earlicr. reductive amination of c-ketoglutarate to form gluta-
mate during ammonia toxicity was supposed to interfere with the operation of the
citric acid cycle and energy production. As not much work has been done in the past
with regard to the applicability of the Bessman hypothesis to MSI toxicity. an attempt
has been made in the present investigation to study the changes in the activities of the
citric acid cycle enzymes in MSI toxicity.

The results indicated, in brief. an overall increase in the activities of the
enzymes of the citric acid cycle in brain following the administration of MSI, which
suggested an increase in the oxidation of pyruvate in MSI toxicity. The increase
observed in pyruvate dehydrogenase activity suggested the channeling of more pyru-

TABLE IV. Protein Levels in Different Regions of Brain in Normal and Methionine Sulfoximine-
Injected Rats

Region a Normal Acute Subacute
cC 121 4 10¢5) 05 + 6(5)*** 142 £ 13 (4)***
CR 99 + 1615 4+ 6(5) 130 4 T (d)*e
Bs 109 & 17 (51 125 £ 7 (5)** 203 4 23 (4)*
CoSt 116 £+ 9(5 103 + 9(5)*** 147 4+ 10 (4)**
HC 75 4+ Ri%) 104 4+ 11 (5)** 104 4 5 (d)*
MB Ln§ 102 £+ 5(5) 103 + 4(5 140 + 2 (4)*

Protein levels in milligrams per pram wet weight of tissue. For oiher details sec footnotes to Table I.
Figures in parentheses indicate number of animals,
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vate into the citric acid cycle and enhanced production of acetyl CoA. Owing to the
lack of change in the activity of citrate synthase in many cerebral regions. it can be
assumed that either this committed step of the citric acid cycle would be rate-limiting
or the citrate formation might be proceeding at normal rates because of an enhanced
availability of acetyl CoA. Increased activity of isocitrate dehydrogenase (NAD ™)
would favor citrate formation by citrate synthase and simultaneously enhance the
production of a-ketoglutarate.

The availability of a-ketoglutarate for the citric acid cycle depends on the rate
of its utilization by aminotransferases and glutamate dehydrogenase. It was shown
earlier that the equilibration of glucose carbon with that of glutamate and aspartate
would be through transamination rather than by reductive amination [Machiyama et
al, 1970]. Besides the present report on the suppression of aminotransferases in the
cerebral homogenates prepared from MSI-treated animals. we earlier demonstrated
the suppression of aminotransferases and glutamate dehydrogenase in the synapto-
somes, which outnumber both neuronal and glial perikarya. in the MSI-intoxicated
animals [Subbalakshmi and Murthy, 1984]. Thus the suppression of aminotransferases
would spare both a-ketoglutarate and oxaloacetate for the citric acid cycle. This
suggestion agrees well with the reported fdl in the content of both glutamate and
aspartate in MS| toxicity [Tews and Stone, 1964]. Furthermore, the elevation ob-
served in the activity of a-ketoglutarate dehydrogenase would promote the utilization
of a-ketoglutarate for the operation of the citric acid cycle rather than for the
transamination pathway. A similar increase in the activity of this enzyme was reported
in both acute and chronic ammonia toxicity by Sadasivudu and Rangavalli [1981].
Increased activity of succinate dehydrogenase would favor enhanced production of
tumarate and subsequently of malate.

The suppression of malate dehydrogenase observed in the present study was
surprising, as it would hinder the operation of the citric acid cycle by limiting
oxaloacetate production. However, such a condition would be prevented by anapler-
otic formation of oxaloacetate, especially from pyruvate by carbon dioxide fixation
(mediated by pyruvate carboxylase), which was reported to be stimulated in hyper-
ammonemic states [Berl, 1971]. Furthermore. it appears that there might be a
relationship between this process and the stimulation of Na*™, K -ATPase, as both
the processes have been shown to be inhibited by ouabain [Cheng, 1971].

In addition to ADP, the rate of glucose utilization would also depend on the
redox state of the cell, which is governed by the ratio of NAD(P)H to NAD(P)*.
Mitochondrial NAD(P)H would be reoxidized by the electron transport system.
However, owing to the absence of such a system in cytosol, and the relative imperme-
ability of these compounds across mitochondrial membranes. the rate of reoxidation
of cytosolic NAD(P)H depends on other transport systems. Thus, in brain the
reducing equivalents are transported by the operation of the malate-aspartate shuttle,
NADP "-dependent isocitrate dehydrogenase, the pyruvate-alanine shuttle, and a
glycerophosphate dehydrogenase [Dennis and Clark, 1978; Siesjo. 1978]. Since the
activity of the last enzyme was shown to be negligible [Siesio, 1978], the activities of
the enzymes of the other two systems have been studied in the present work. The
mal ate-aspartate shuttle is made up of cytosolic and mitochondrial isozymes of malate
dehydrogenase and aspartate aminotransferase. The results obtained indicated a
suppression in the activities of malate dehydrogenase. aspartate and aanine amino-
transferases, and NADP ~ -isocitrate dehydrogenase both in acute and subacute MSI
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toxicity. These results suggested an impairment in the transport of reducing equiva-
lents across mitochondrial membranes in MSI toxicity. Probably under these condi-
tions the cytosol is in a more reduced state than normal.

Although the mechanism of action of MSI on the enzymes of citric acid cycle
was not elucidated in detail, the results obtained by in vitro fortification of the
homogcnates of normal rat brain wilh MSI indicated the direct action of the drug on
these cnzymes at least in the acute stale. In the subacute state, however, besides the
above mechanism, increased synthesis of mitochondrial proteins might also be in-
volved. This suggestion would be in agreement with the increase observed in the
protein content in the subacute state in this study and the ullrastructural evidence
presented by Gutierrez and Norenberg [1975, 1977|.

Our results thus indicate that in MSI induced hyperammonemia the operational
rates of the citric acid cycle might be enhanced by the elevated activity levels of the
enzyme and that the ADP generated in the maintenance of ionic gradients (owing to
elevated Na'. K'-ATPase activity) might be acting as a positive modulator. The
oxaloacetate required for this process might be generated by anaplerotic reactions.
Furthermore, these results also indicate a possibility of derangement in the transport
of reducing equivalents across mitochondrial membranes. The convulsant action of
the drug may be due to its effects on glutamate metabolism and on ionic gradients
|Subbalakshmi and Murthy, 1984] and may not be due to the depletion of a-ketoglu-
tarate from the citric acid cycle and interference with energy production by the
accumulated ammonia.
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Abstract—Activities of the enzymes of citric acid cycle were determined along with aspartate and alanine
aminotransferases and NADP* -isocitrate dehydrogenase in the brains of rats treated with an acute dose
of ammonium acetate and compared with those of normal animals. Elevation in the activities of pyruvate.
a-ketoglutarate and succinate dehydrogenases and citrate synthase was obsarved in hyperammonemic
animals. The activities of malate. NADP" -isocitrate dehydrogenases and aminotransferases decreased
under these conditions. The results suggest that ammonia toxicity might not be due to the depletion of

a-ketogiutarate from citric acid cycle.

Elevated concentration of ammonia either in blood
or in brain is known to be neurotoxic and produces
convulsions or coma. It was suggested that ammonia
interferes with cerebral energy metabolism by more
than  one  mechanism. The diversion  of
x-ketoglutarate for the detoxification of ammonia
resulting in the formation of glutamate (through
glutamate dehydrogenase reaction) was supposed to
deplete the citric acid cycle intermediates, thus
affecting ATP production. This would be further
aggravated by the loss of ATP during glutamine
formation [through glutamine synthetase reaction]
(Bessman and Bessman, 1955). This hypothesis re-
ceived support from the observed reduction in cere-
bral oxygen consumption in vivo; inhibition of the
oxidation of keto acids such as pyruvate and
x-ketoglutarate (McKhann and Tower, 1967): de-
crease in cerebral x-ketoglutarate content (Bcssman
and Bessman, 1955: Clark and Eiseman. 1958) and a
fal in the levels of high energy phosphates in the
basal parts of brain and in reticular activating system
in hyperammonemic states (Schenker et at. 1967,
Bessman and Pal, 1976; McCandless and Schenker.
1981). However. these evidences were not un-
equivocal as in later works no changes were noticed
in the oxygen consumption of cerebral dlices in the
presence of ammonium salts or in the rate of decar-
boxylation of either pyruvale or a-ketoglutarate.
Similarly, ammonium ion induced depletion of
x-ketoglutarate (Clark and Eiseman, 1958) or ATP
was not observed (Shorey et &., 1967: Schenker and

$To whom correspondence should be addressed.

Mendelson. 1964: Hindfelt and Siesjo. 1970, 1971;
Hawkins et al., 1973: Hindfelt et al.. 1977). in fact, an
elevation in the x-ketoglutarate content of brain was
reported (Hindfelt and Siego, 1970). Despite the
voluminous information on the levels of various
Krebs cycle intermediates. little information is avail-
able on the enzymes of citric acid cycle in hyper-
ammonemic slates. Prescntly, we report an elevation
in the activities of pyruvate dehydrogenase. citrate
synthase. x-ketoglutarate dehydrogenase and suc-
cinate dehydrogenase in brain in acute hyper-
ammonemic slates. Under these conditions, activities
of malate dehydrogenase, aspartate and alanine ami-
notransferases and NADP“ -isocitrate dehydrogenase
were suppressed. These results were discussed in
relation to the operation of citric acid cycle and the
transport of reducing equivalents in brain under
hyperammonemic states.

EXPERIMENTAL PROCEDURES

Materials

Coenzyme A. acetyl coenzyme A. thiamine pyro-
phosphate. sodium pyruvate. a-ketoglutarate, DL-dithio-
thrcilol. 1-malic acid. pi-isocitric acid. disodium succinate.
oxaloacetic acid, r-aspartic acid. 55 -dithiobis 2-nitroben-
zoic acid. ADP. phenazine methosulfate. NAD*. NADH.
NADP". and lactate and malate dchydrogenases were
purchased from Sigma Chemicd Co. 2-(4-lodophenyh-
3-(4-nitrophenyl)-5-phenyl tetrazolium chloride (INT) was
from Loba Chemie. India 2.6-Dichlorophenol indophenol
was purchased from V.P. Chest Imstitute, India. Triton
X-100 was procured from Koch-Light Laboratories Ltd,
U.K. The rest of the chemicas were of anaytical grade
and were purchased localy. The commercid enzymes
were dialvzed to remove ammonium sulfate and were
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recongtituted into 50% (v/v) glycerdl to a fina protein
concentration of 05 nig/ml.

Adult albino rats of Wistar strain (of either sex) weighing
250 30 g body weight from the inbred colony of the
vivarium were used in this study, Pood (balanced pdlet diet
from Pragati Animal feeds, India) and water were provided
adlibitum

Induction of hrperanmeonemia  and preparationns hemnge -
nates (in Vivo)

Fxperimental animals were injected intraperitoneally with
25 mmol kg body weight of ammonium acetate using sdine
as a carrier while the control animals received none. The
animals entered into convulsions & the end of 35 nun. 'l hey
were decapitated a the end of 20 min (preconvutsive suite)
or during convulsions. Brains were quickly removed and
washed with ice-cold saline. Cerebral cortex, cerebdlum,
brain stem. hippocampus, corpus stristum were dissected
out a 2 C and rest of the brain was designated as mid brain.
Ten percent (w/v)} homogenates were prepared in ice-cold
0.32 M sucrose. Triton X- 100 was added to a find concen-
tration of 0.2% (V/v).

1n vitro experiments

To the homogenates of different cerebral regions which
were prepared from normal animals, ammonium acetate
was added to a fina concentration of 10 umol and the
enzyme assays were performed with this preparation

Enzyme assavs

The dehydrogenases of citric acid cycle were assayed by
dye reduction methoed using phenazine methosulfute as an
intermediary eectron acceptor and INT as find dectron
acceptor except in the case of succinate dehydrogenase
where dichlorophenof indophenol was used as find eectron
acceptor. The formation of formazan was followed at
500 nm and &l the enzymes were assayed & 37 Cin Gilford
spectrophotometer using a thermoprogrammer. The final
volume of the assay mixture was aways 250/;1 and appro
priate blanks (without substrate) were run simultancously

Pyruvate dehvdrogenase was assayed by the method of
Hinman and Blass (1981) and citrate synthase by the
method of Shepherd and Garland (1969). Assay of
NAD"-isocitrate dehydrogenase was carried out as de-
scribed by Plant ¢1969); a-ketoglutarate dehydrogenase by
the method of Reed and Mukherjee (1969) and malate
dehydrogenase by the method of Y oshida ( 1969y except that
phenazine methosulfate and INT were used as dectron
acceptors. Succinatc dehydrogenase was assayed by the
method of Veeger er at., (1969), aspartate and alanine
aminotransferases by the method of Bergmeyer and Bernt
(1974). NADP*-Isoaitrate dehydrogenase activity was de-
termined by the method of Bergmeyer and Bernt (1974)
using the aforesaid electron acceptors. indl theassays 10 yi1
of 10% homogenate was used except for aspartate and
alaninc aminotransferases where 10 ;1 of 1% homoeenate
was used Protein content was determined by the bwret
method (Varley, 1969).

Preparation of formazan

Forma7an was prepared from INT by chemicad and
enzymatic methods. in the former. varying concentrations
of INT (20--100nmol) was reduced with 103 of 1%
ascorbic acid and 10 41 of 0.1 N NaOH in a find volume
of 250 ul. In the enzymatic reduction, purified malatc
dchydrogenase (Sigma), malate and varying concentrations

of NAD' (10 100 nmoly, in afina volume of 250 ul, were
incubated aong with INT and phenaline mcthosulfate at
37 ¢ till the optical density remained constant. The vaues
obtained in these experiments were used to prepare a
Sandard curve for the estimation of NAD# fortmed in the
enzyme assays described above.

Statistical anaysis of the results were carried out by
Student's (-test.

RESLITS

Following the administration of ammonium sakts.
rats entered into prcconvulsive state in about
15-20 min. In this state. the animals were lethargic
and were less responsive. These animals entered into
convulsive slate by about 30 35 min and exhibited
both clonic and tonic seizures. The in tiro dose of
ammonium acetate used presently was higher than
that used by Bessman and Pal (1976) as it was
observed that the dose recommended by them failed
to elicit any behavioural response in our animals.

Pyruvate dehvdrogenase activity (Tuhle )

The activity levels of pynivate dehydrogenase wes
more or less the same in &l the regions of brain
studied presently except in cerebra cortex where it
was twice to that of the other regions. Administration
of ammonium acetate resulted in an eevation in the
activity of this enzyme in dl the regions both in
precconvulsive and convulsive states. The magnitude
of elevation was. however. greater in the precon-
vulsive state than in convulsions. Of al the regions,
maxima elevation was observed in corpus griatum
and hippocampus in preconvulsive and convulsive
states and minimal in cerebra cortex. /n vitro, addi-
tion of ammonium acetate also devated the activity
of this enzyme in al the regions of brain

Enzymes of citric acid cycle (Tables 1 and 2)

Of the enzymes of citric adid cyde studied, the
activity of malate dehydrogenase was highest and
that of succinatc dehydrogenase was lowest in dl the
regions of brain. There was not much of regiona
variation in the distribution of the enzymes of citric
acid cyde except succinaic dehydrogenase (lesser in
cerebellum than in other regions) and malatc dehy-
drogenase (highest activity in hippocampus when
compared to other regions).

Following the administration of ammonium ace-
tate, an eevation in the activity of citrate synthase
was observed in cerebra cortex, corpus striatum and
mid brain regions while the change in cercbellum,
hippocampus and brain sem was not datistically
dgnificant in the prcconvulsive state. In the con-
vulsive state. the activity of this enzyme was elevated
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Tuble 1 Distribution and levels of pyruvaie debydrogenase (PDHI. citraie synthase (CS) and NAD -isocitrute dehydrogenese (ICDH)
in different regions of bruin in normal and ammonium acetaie imecied rals

Enzyme Suate cc CH " CoSt HC ME
N I0=038 Fa=018 L3+ 1.7=03 5
P 121 =0am 3 ) ae 1 I
¥EH ¢ R =090
I 03=007 =03
N 785208 1805
o5 P 11.5= 04 126 = 0.5% 1
b € 133z 04 ‘ 10§« 03" 1
1 » 084202
N 2402 18401
ICDH P 0.1 222012 29201
(NAD™) C + 03¢ 224007 28404
1 A 03 49=03 58402
N = Normal rats; P = F state, € = C | state; | = H

of normal animals forufied with ammonium acetate 10
a fmal concentration of 10umol (n virro). CC = Cerebral cortex: CB = Cerebellum, BS = Brainstem; CoSt = Corpus striatum;
HC = Hippocampus; MB = Mid brain. The number of animals in each group varied from three 10 six. The values are mean = SD
Activities of PDH and ICDH (NAD" ) are expressed as pmol of NAD* reduced:mg protein’h and that of CS as pmol of citrae

formedimg protein’'h, Statistical significance was calculuted by Student's 1-1est. *P < 00003, **P < 0.0025; + P <0.01 versus control
vilue

in all the regions except in brain stem and hippo-  of brain the changes were staustically not significant
campus., NAD-isocitrate dehydrogenase activity excepl in hippocampus. An clevation in the activity
was clevated only in corpus striatum in both precon-  of a-ketoglutarate dehydrogenase was observed in all
vulsive and convulsive states. In all the other regions  the cerebral regions both in preconvuisive and con-

Table 2. Distribution und levels of a-ketoglutarate dehydrogenase (2-KGDH); succinate dehydrogenase (SDH) and malate dehydrogenase
(MDH) in different regions of brain i normal and ammonium acetate mjected rats

Enzyme State cc BS CoS1 HC ME
N 24203 212038 21102 27402 20202
P 1742 01° 612020 68=0.1°
wKGRE o 46 04" 59 06% S35 1010
! 41000 5=p3e 4x=01*
N 0.6 0.04 062003 L0 =005 0.6 =0.02
SOM P 132008 1.2 % 0,08 132009 1.22012%
< 102002 152007 1.7=002*
1 1.6 £ 0.07 2320220 360210
N 204 =096 05=18 BAz2
P 24.6 4 0,35 1502
Mbh C 1224 1 B6* 1964 0.2°
1 2564 0.11 B 30.2= 1.3t

Activites of 2-KGDH and MDH ure expressed as gmol of NAD reduced /mg protein/h and that of SDH as pmol of succnate oxidized /mg
protein‘'h. For other details see Table 1. *P <0.0005, **F < 00025, 17 < 0.01 versus control value.

Table 3. Distribution and levels of aspartate aminotransferase (AAT), alanine aminotrunsferase (AIAT) and NADP-isocitrate
dehydrogenase (ICDH) in different regions of brain in normal and ammonium seetate mpecied rais

Enzyme State cC CB BS CoSt HC MB
N 0.1 54 961258 792260 W= 007 19-26 0= 1e
P 68 =03" 7324030 PR 03100 60 = 06% W=
el e 4203 0.5 03¢ 5301 04" 362 0,34 37303 =03
I 823211t 880 4 4.1 §571 58 Ereee] 1264 174 PFe
N 284403 27+07 17.6 = 0.6 142+03 T4+ 08 22.5+02
P 67405 67406 1033 03" 003 61 +04" 79203
AT c 79403 9503 71203 67502 9.1 =020 §3202%
1 2734 L0t 0+ 0.9 179403 158 £ 0.5 e L2 H.6=05
N 26403 26401 +0.07 26402 432017 azs008
1CDH P 192020 172010 311024 28000 343005 12015
(NADP*) € 3100 15202° 19402 T6:03 JE L0190 162007
| 265 0,01 292021 25301 215014 454031 470,34t

Activities of AAT and AIAT are expressed s wmol of NADH oxidized mg protein'h and thay of 1CDH (NADF® ) as pmol NADP®
reduced mg protein/h, For other details see Table 1. *F < 0.0005, **P < 0.0025, +F < 0.01 versus control value
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Table 4. Protein levels in dilferent regions of brain in normal and ammonium scelate
iniected rats

Preconvulsive Convulsive
stale slate

104 + 6 14y 114 108
109 4 5(4) 97 4 8(5)
91 4 11(4) 07 4 14(5)
04 4 4 (4)** Ins + S5t
1134 9pap* 1N 4 12(9**
1K+ 3(d) 094 3(%)

Region
(N} 121 4 101%
R 29+ 16(5)
Bs 109 + 17(%)
CoSt 164+ 9%
H( 754 Kis)
MB 102+ £¢5)
Protein mpg wet wi of tissue

Figgures in parentheses indicite number
For ather details see Table |

vulsive states following (he administration of amma-
nium acetate. As in the case of pyruvate dehvdro-
genase, the magnitude of change in the activity of
a-ketoglutarate dehydrogenase declined following
the onset of convulsions. Succinate dehydsogenase
activity was elevated under these conditions. the
change being greater in the convulsive state than in
preconvulsive state in all the regions. However, ma-
late dehydrogenase activity was suppressed by at least
50% in all the cerebral regions in both the slates.
Enrichment of homogenates by in vitro addition of
ammonium acetate resulted in changes similar to
those described above except that the activity of
citrate synthasc which was suppressed in all the
regions.

Aminotransferases  ami - NADP * -isocitratedehydro-
genase (Table ')

Both aspartate and alanine aminotransferases were
suppressed in all the cerebral regions in preconvulsive
and convulsive stales, while the magnitude of de-
crease was greater for alaninc aminotransferase than
for aspartatc aminotransferase. A fall in the activity
of NADP ‘*-isocitrate dehydrogenase was observed in
all the regions except in brain stem and corpus
striatum in the preconvulsive state while in convulsive
state significant fall was observed in cerebral cortex,
hippocampus and mid brain. Under these conditions,
the activity of NADP* -isocitrate dchydrogenasc was
elevated in cerebellum. Unlike the enzymes of citric
acid cycle, in vitro addition of ammonium acetate
had marginal effects on the aminotransferases and
NADP* -isocitrate dchydrogenasc

DISCUSSION

In extrahcpatic tissues, such as hrain. ammonia
was shown to be detoxified chiefly by the formation
of glutamate (x-ketoglutarate + ammoniaz=gluta-
matc) and glulamine (glutamate + ammonia + ATP
—sglutamine) mediated by the enzymes glutamale
dchydrogenasc and glutamine synthetase respectively

of animals

(Benjamin, 1982, Kvamme, 1983). it was postulated
that in hyperammonemic states there would be an
increased utilization of x-ketoglutarate which would
affect the operation of citric acid cycle (thereby
interfere with energy production) and deplete cellular
energy stores (Bessman and Bessman. 1955). Studies
on metabolic compartmentation and histological
changes under these conditions indicated that astro-
gha might be the sites of ammonia detoxification
(Berl, 1971 Zamora et a/., 1973: Norenberg, 1977).

Results obtained presently indicated that elevated
ammonia levels might be enhancing the operational
rates of cerebral citric acid cycle. Increased activity of
pyruvale dehydrogenase would promote channelling
of pyruvate into the citric acid cycle in the form of
acetyl CoA. This observation was, however, in con-
tradiction to the suggested inhibition of Ihc oxidation
of a-kelo acid in hypcrammonemic states (McK hann
and Tower, 1967). Elevated activity of citrate syn-
thasc, under these conditions, would promote the
utilization of acetyl CoA and citrate formation in
cerebral cortex, corpus striatum and mid brain re-
gions. In cerebellum and brain stem, where the
activity of this enzyme was unchanged, citrate for-
mation might be rate limiting and proceed at normal
rates. The increased utilization of x-ketoglutarate,
due to elevated a-kctoglutaratc dehydrogenase,
would promote its formation from isocitrate al-
though the activity of NAD'-isocitrate dchy-
drogenasc was unchanged under these conditions.
However, the availability of a-ketoglutarate to citric
acid cycle depends on the activities of amino-
transferases and glutamatc dchydrogenasc, which use
this metabolite.

Among the aminotransferases, the activities of
aspartale and alaninc aminotransfcrascs were re-
ported to be highest and that a major portion of
glucose carbon enters the carbon skeleton of glu-
tamatc through the reaction mediated by these en-
zymes (Benuk et at,, 1971; Machiyama et a/., 1970).
Decreased activity levels of these enzymes, observed
presently, would spare -ketoglutarate, oxaloacetate
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and pyruvate for citric acid cycle. The reported
inhibition of glutamate dehydrogenase in the astro-
ghia and synaptosomes (which together outnumber
neuronal perikarya) n acute hyperammoncmia
would also spare z-ketoglutarate for citric acid cycle
(Subbalakshmi and Murthy. 1983, 1984). Thus, it
appeared that in hyperammonemic states x-keto-
glutarate would be channelled more into citric acid
cycle than for the formation of aspartate or gluta-
mate. A similar increase in the activity of cerebral
a-ketoglutarate dehydrogenase was reported earlier
in acute ammonia toxicity (Sadasivudu and Ranga-
valli. 1981). Increased activity of succinate dehydro-
genase would favour utilization of succinate and
subsequently fumarate.

Suppression of malate dehydrogenase in hyper-
ammonemic states would result in the accumulation
of malate and limit the formation of oxaloacetate
which might interfere with the operation of citric acid
cycle. Increased malate levels and a fal in the content

of oxaloacetate, reported earlier by Hawkins et al.,

(1973) in acute hyperammonemic states, were in
concurrence with the present observation. However,
this situation might be averted by anaplerotic replen-
ishment of oxaloacctate by carbon dioxide fixation, a
process stimulated in hyperammonemic states (Berl,
1971).

Besides its participation in citric acid cycle. malate
dehydrogenase along with aspartate amino transfer-
ase is also involved in the transport of reducing
equivalents across the mitochondrial membrane
(Shank and Campbell. 1983}. The other two systems
involved in this process arc alanine aminotransferase
(alanine—pyruvate shuttle) and NADP*-isocitrate de-
hydrogena.se (Sicsjo. 1978). Following the adminis-
tration of ammonium acctate. activities of these two
enzymes were found to be decreased suggesting an
impairment in the transport of reducing equivalents
across mitochondria. Under these conditions the
cytosol may be in a more reduced slate than mito-
chondria (where electron transport chain reoxidizes
NAD(P)H generated). A similar observation was
made by Hindfelt and Sieso (1970) and Hawkins
et al. (1973).

Thus, the results. obtained presently, were sug-
gestive of enhanced oxidation of x-keta acids (pyru-
vate and z-ketoglutarate) due to the stimulation of
the enzymes of citric acid cycle. The ADP generated
due to an increase in glutamine synthesis (Sub-
balakshmi and Murthy. 1983: Benjamin. 1982:
Kvamme. 1983) and Na’. K"-ATPase (Sadasivudu
et al.. 1977. Subbalakshmi and Murthy. 1981) might
be acting as a positive modulator. Oxaloacetate re-
quired for the continuation of citric acid cycle would
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be generated by carbon dioxide fixation. The results
also indicated an impairment in the transport of
reducing equivalents from cytosol to mitochondria.
Hence ammonia might not be depleting
x-ketoglutarate from citric acid cycle as suggested
earlier (Bessman and Bessman. 1955; Schenker et al..
1967; Bessman and Pal. 1976).
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Activities of Pyruvate Dehydrogenase, Enzymes of Citric
Acid Cycle, and Aminotransferases in the Subcellular
Fractions of Cerebral Cortex in Normal and
Hyperammonemic Rats

L. Ratnakumari® and Ch. R. K. Murthy'=

(Accepred November 4. 1988)

Activity levels of pyruvate dehydrogenase. enzymes of citric acid cycle, aspartate and alanine
aminotransferases were estimated in mitochondria, synaptosomes and cytosol isolated from brains
of normal rats and those injected with acute and subacute doses of ammonium acetate. In mito-
chondria isolated from animals treated with acute dose of ammonium acetate, there was an elevation
in the activities of pyruvate, isocitratc and succinate dehydrogenases while the activities of malate
dehydrogenase (malate—oxaloacetate), aspartate and alanine aminotransferases were suppressed.
In subacute conditions a similar profile of change was noticed excepting that there was an elevation
in the activity of a-ketoglutarate dehydrogenase in mitochondria. In the synaptosomes isolated
from animals administered with acute dose of ammonium acetate, there was an increase in the
activities of pyruvate, isocitrate, a-ketoglutarate and succinate dehydrogenases while the changes
in the activities of malate dehydrogenase, aspartate and alanine amino transferases were suppressed.
In the subacute toxicity similar changes were observed in this fraction except that the activity of
malate dehydrogenase (oxaloacetate—malate) was enhanced. In the cytosol, pyruvate dehydro-
genase and other enzymes of citric acid cycle except malate dehydrogenase were enhanced in both
acute and subacute ammonia toxicity though their activities are lesser than that of mitochondria.
In this fraction malate dehydrogenase {(oxaloacetate—malate) was enhanced while activities of
malate dehydrogenase (malate—oxaloacctate), aspartate and alanine aminotransferases were sup-
pressed in both the conditions. Based on these results it is concluded that the decreased activities
of malate dehydrogenase (malate—oxaloacetate) in mitochondria and of aspartate aminotransferase
in mitochondria and cytosol may be responsible for the disruption of malate-aspartate shuttle in
hyperammonemic state. Possible existence of a small vulnerable population of mitochondria in
brain which might degenerate and liberate their contents into cytosol in hyperammonemic states
is also suggested.

KEY WORDS: Citric acid cycle enzymes: hyperammonemia: cytosol; mitochondria; synaptosomes.,

INTRODUCTION

" School of Lift Sciences, University of Hyderabad. Hyderabad - 5X) Derangement in the cerebral energy metabolism was
134, India. proposed to be one of the many mechanisms bv which
* Address reprint request 100 Dr. Ch. R. K. Murthy, Schodl of Life L 4 '
SCIENCes. ypiversiry Of Hyderabad. HYDERABAD 500 134 AP. ammonia exerts toxic effects on the central nervous sys-
India tern. It was hypothesized that removal of a-ketoglutarate
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from citric acid cycle for the purpose of ammonia de-
toxification (in the glutamate dehydrogenase reaction),
results in the formation of glutamate and the conversion
of the latter to glutamine, would adversely affect the
cerebral energy’ stores (1-3). Moreover, by removing
cytosolic pool of glutamate for the synthesis of gluta
mine, ammonia was postulated to interfere with the op-
eration of malate-aspartate shuttle and thereby the transport
of reducing equivalents from cytosol to mitochondria (4,
5). Severa conflicting reports were made in the past with
respect to the depiction of a-ketoglutarate stores while
evidences have accumulated which strongly favour the
latter concept (6-9). It was observed that not many stud-
ies were made in the past on the subcellular distribution
and changes in the activities of the enzymes involved in
carbohydrate metabolism in hyperammoncmia.

Earlier, we reported an elevation in the activities of
pyruvate dehydrogenase and enzymes of citric acid cycle,
except malate dehydrogenase, in the homogenates pre-
pared from different regions of brains of hyperammo-
nemic rats (10). We have also reported a fdl in the
activities of aspartate and aanine aminotransfcrases,
malate dehydrogenase and NADP-dependent isocitrate
dehydrogenase in these preparations and suggested that
transport of reducing equivalents across mitochondria
might be affected in hyperammonemic states. As brain
has two types of milochondrial populations i.e., synaptic
and non-synaplic and both these have citric acid cycle
enzymes, a study with homogenates will not revea
whether the changes in the activities of these enzymes
are occurring in the synaptic or non-synpatic mitochon-
dria. Moreover, enzymes involved in the transport of
reducing equivalents are present in both cytosol and mi-
tochondria. Hence it becomes essentia to localize the
changes (suppression) in the activities of the enzymes of
malate-aspartatc shuttle in the brains of hyperammo-
nemic rats and such an atempt has been made in the
present study.

Based on the results obtained in the present study,
we suggest thet (i) suppression of malate-aspartate shut-
tle may be due to decreased malate dehydrogenase activity
in the direction of malate formation in the mitochondria
(ii) there is a small population of mitochondria which
are vulnerable to patho-physiological ammonia concen-
trations which degenerate/rupture and liberate their con-
tents into the cytosol and (iii) the apparent increase in
citric acid cycle enzymes observed in homogenales may
be due to release of these enzymes into cytosol and loss
of regulatory control over these enzymes in an atered
subcellular environment.

Ratnakumari and Murthy

EXPERIMENTAL PROCEDURE

Adult atbino rats of Wistar strain of 250-300 gms. bady weight
were maintained in groups of 6--& per cape under natural fight-dark
cycles at a constant temperature. Food and water were provided ad
fibitum. These animals were divided into three groups with ten animals
each and two animals were used for each experiment. Animals in group
1 were administered intraperitoncally with 0.35 mmol of ammonium
acetate/100 g body weiphts (subacute experiments) and the animals in
group 1! received 2.5 mmol of ammonium acetate per 100 gms. bodv
weight (acute experiments) while group 11} animals received none and
served as controls. Animals in group | and Il were sacrificed 25--30)
min after the administration of anmonium acetate. Mitochondria, svn
aptosomes and cylosol were prepared by the method of Catman (11)
as described by Subbalakshmi and Murthy (12). These fractions were
frozen overnight and Triton X-1(0) was added to a fina concentration
of 0.3% vAv after thawing the preparations.

Protein, present in 20 wul aliquot of suhceliular fractions. was
determined by the method of Lowry et al. (13). Ammonia content in
brains frozen in liquid nitrogen and in the scrum was determined as
described earlier (12).

Enzyme Assays. Activities of pyruvale dehydrogenase. citrate
synthase, isocilrate dehydrogenase. a-ketoglutarate dehvdrogenase.
malale dehydrogenase (in the direction of oxaloacetate formation),
aspartate and alanine aminotransferases were assayed as described ear-
lier (10). Malale dehydrogenase activity, (in the direction of maate
formation) was assayed as suggested by Yoshida (14). Lactate and
succinate dehydrogenases were assayed by the methods of Bergmeyer
and Bernt and Nandakumar et al. (15, 16) respectively. After deter-
mining the optimal concentrations of enzyme protein. substrate and
cofaclors, suitable alterations were made (or each enzyme (Table II.
Statistical analysis of data was performed by Student's ¢ test.

RESULTS

Rats administered with subacute dose of ammonium
acetate (group 1) showed no convulsions even upto 10
hours. However, they were sacrificed 25-30 min after
the administration of anmonium acetate. This time pe-
riod was chosen as the animals injected with acute dose
entered into convulsions at this time period. Rats in-
jected with acute dose of ammonium acetate (group 11)
exhibited convulsions in about 25-30 min which was
usually the terminal phase. In this group dl the animals
irrespective of their sex, succumbed to the toxic effects
of ammonia a about 45 min after the administration of
ammonium acetate. Hence, they were sacrificed during
convulsions and used for experimentation. After the
administration of ammonium acetate there was an in-
crease in blood and brain ammonia levels (Table IT).

In norma animals, activities of pyruvate, isocit-
rate(NAD*), a-ketoglutarate and succinate dehydrogen-
ases were higher in mitochondrial fraction than in cylosol
or synaptosomes. Activities of these enzymes were found
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Table 1. Methods for the Assay of Pyruvate Dehydrogenase, Laciae Dehydrogenase and Enzvmes of TCA Cycle and Borst Cvele With

Subcellular Fractions

Enzvme

Method

Puruvate dehvdrogenase
E.C.1.2.4.10

Cirate synthase
(E.C4.1.3.T

|socitrate dehvdrogenase
E.C.LL141)

cetogiutarate dehydrogenase

Succinate dehvdrogenase

(E.C.1.3.99.1)
Malate dehydrogenase
({E.C.1.1.1.37

E.C.1.1.
'ssp.mu:: aminotransferase
(E.C.2.6.1.1)
Alanine 'mnnu .1|ulcr:m-
{E.C.2

EL
L.;c..ue de nydrug:nnit
(E:C 121227

K-PQ, buffer (pH 7.8) 50 mM, NAD 2.5 mM, TPP (1.2 mM. CoA 100 uM. DTT 300 M, Pyruvate
5 mM, MeCl, 1 mM. PMS 6.50 wM, INT 300 uM. O.D change at 500 nm. {10)

Tris-HC1 buffer (pH B.0) 9 mM, DTNB 97 nM, OAA 240 uM, acetyl CoA 48 M. 0.D. change at
412 nm. (10}

Tris acetate buffer (pH 7.2) 35mM, NAD 333 M. ADP 6.7 mM, isocitrate 5.3 mM. MgCl. | mML
PMS 6.50 uM, INT 300 u\‘l 0.D change at 500 nm. (10)

K-PO, buffer (pH 8.0} 30 mM. NAD 2.0 mM, TPP 200 M. CoA 60 uM, a-ketoglutarate 1.0 mM.
MgCl; 1 mM. PMS 6.50 uM, INT 300 uM. O.D change st 500 nm. (10) )

Tris-PO, buffer (pH 7.6) 100 mM, succinate 40 mM, PMS 6.50 uM, INT 4 mM, O.D at 500 nm.
(16)

Tris-HCl buffer (pH 8.8) 83 mM, NAD 3.3 mM. malae 3.2
change at 500 nm (10)

Tris-HCI buffer (pH B.B) 83 mM., NADH 160 uM, oxaloacete 3.4 mM. O.D change a1 340 nm, (14}

mM, INT 300 uM, PMS 6.50 uM. 0.D

K-PO, buffer (pH 7.4) 80 mM, NADH 520 uM, aspariate 20 mM. a-ketoglutarate 18 mM, MDH 10
wg. O.D. change at 340 nm. (15)

K-PO, buffer (pH 7.4) B0 mM. NADH 520 uM, alanine 40 mM, a-ketoglutaraie 18 mM, LDH 4 pg.
0.D. change ar 340 nm. (15)

K-PO, buffer (pH 7.5) 48 mM, pyruvate 0.6 mM, NADH 180 uM. 0.D. change at 340 nm, (15)

K-PO, buffer (pH 7.5) 4§ mM, lactate 1.2 mM, NAD 333 pM, PMS 6.5 uM, INT 300 pm. 0.D.
change at 500 nm. (15).

In dl the above assays. except succinate dehydrogenase, find volume was 250 wl. In the assay for succinate dehydrogenase, the find volume was
1.0 ml and the assay was colorimetric. The assay mixture for SDH was incubated for 15 min and the reection was arrested with 2 ml of glacid
acetic acid. Colour produced due to the formation of formazan was extracted into 5 ml of toluene. In dl the assays, the incubation temperature
was 37°C. Corrections were made for non specific activity with suitable blanks. In the specirophotomerric assays changes in absorbance were
recorded & 15 sec intervals for 10 minutes and the values in linear kinetic zone were used for calculating enzyme activity. Relationship between
formezen formed and NAD* reduced was established as earlier (10). Abbreviations: TPP: thiamine pyrophosphate; DTT: dithiothreitol; PMS

phenazine methosulphate; INT: 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-pheny! tetrazolium chloride; DTNB: 5—5d|th|ob|s(2 nltrobenzac ncnd),

coenzyme A; MDH: maate dehydrogenase; LDH: lactate dehydrogenase; ADP: adenosine diphosphate; NAD:

ine d: teotide

(oxidized); NADH: nicotinamide adenine dinucleotide (reduced). { ) indicate the reference to the method.

Table I1. Ammonia Levels in Blood and Brains of Normal and
Hyperammonemic Rats

Condition Brain Blood
Normal 0.45 = 0.12(3) 0.073 = 0.01(3)
Subacute 1.40 = 0.35(3) 1110 = 0.16(5)
P<0.005 + 211% P<0.001 + 1420%
Acule 2.64 = 0.50(3) 1.790 = 0.08(4)
P<0.001 + 487% P<0,001 + 2352%

Values are expressed in brain as umol of ammonia/gm-wet wt, and in
blood as wmol of ammonia/ml. Number in parenthesis indicates num-
ber of experiments.

to be higher in synaptosomes than in cytosol. However,
in the case of malate dehydrogenase, the magnitude of
difference between different fractions was not as high as
with other enzymes. Activity levels of aspartate ami-
notransferase were observed to be higher in synaptoso-
mal and cytosolic fractions than in mitochondria. An
opposite trend was observed in the distribution of alanine
aminotransferase (Tables IV - VI).

Effects of Ammonia

Mitochondria (Table 1V). Administration of sub-
acute dose of ammonium salts (group 1) resulted in a
margina elevation in the activity of pyruvate dehydro-
genase without altering those of citrate synthase and iso-
citrate dehydrogenase. Activities of a-ketoglutarate and
succinate dehydrogenases were enhanced under these
conditions. In contrast to the above said enzymes, malate
dehydrogenase activity, when measured in the direction
of oxaoacetate formation, was suppressed in subacute
ammonia toxicity. However, in the reverse direction,
i.e., in the direction of malate formation, it was unal-
tered. Activities of aspartate and alanine aminotransfer-
ases decreased under these conditions.

Administration of an acute dose of anmonium ace-
tate (group 1) resulted in an elevation in the activities
of pyruvate, isocitrate and succinate dehydrogenases in
the mitochondrial fraction. Under these conditions, ac-
tivities of cirate synthase and a-ketoglutarate dehydro-
genase were unaffected. Changes observed in the activities
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of malate dehydrogenase and aspartate and alaninc ami-
notransferases were similar to those observed in subacute
toxicity. 1t is interesting to note that there is a small but
statistically significant increase in the mitochondrial pro-
tein under these conditions (Table 1II).

Synaptosomes (Table V). Following the administra-
tion of a subacutc dose of ammonium acetate, there was
an elevation in the activities of pyruvate, isocitrate, «-
ketoglutarate and succinate dehydrogenases while that of
citrate synthase was unchanged in the synaptosomes.
Malate dchydrogenase activity, in the direction of ox-
aloacetate formation, was suppressed in synaptosomes

Table 1. Protein Levels in Subeellular Fractions of Cerebral
Cortex in Normal and Ammonium Acetate Injecied Rats

Fraction Normal Acute Subacute

Mitochondna 7.0 = 1.O(21) 9.3+ 2.71% RO+ 2.0(9)
P<0.005 +33% NS + 147%

Synaplosomes 9.0 = 2.8(16) 7.3 = 1L.2415) B4 = 2({9)
P<0.05 - 19% NS - 7%

Cyiosol 280 + A.0(24) 299 = 3.0020) 270 = 4.0(9)
NS + 7% NS —4%

Provein: mg/gmewet wi of tissue. Numbers in parenthesis indicates the
number of experiments. Each value is mean = SD.

Ratnakumari and Murthy

in subacute ammonia toXicity. However, in the reverse
direction, activity of this enzyme was enhanced under
these conditions. Activities of both the aminotransfer-
ases decreased in the synaptosomes in subacutc ammonia
toxicity.

Pattern of changes in the activities of pyruvate dc-
hydrogenase, citric acid cycle enzymes and the aspartalc
and alanine aminotransferases in synaplosomes in acute
ammonia toxicity were similar lo those observed in the
subacute toxicity. Exceptions to this wcre seen in the
activity of malate dchydrogenase in the direction of mal-
ate formation which was suppressed in acute ammonia
toxicity. Though the activity of alaninc aminotransferase
was suppressed under these conditions, the change was
statistically not significant. Protein content of cortical
synaptosomes decreased in acute ammonia toxicity while
in subacute toxicity this change was statistically not sig-
nificant (Table Il1).

Cytosol (Table VI). Administration of a subacute
dose of ammonium acetate resulted in an elevation in
the activities of pyruvate dchydrogenase, citrate syn-
thase, isocitrate, a-ketoglutarate and succinate dehydro-
genases in the cytosol. Eventhough the magnitude of
their increase in cytosol was much higher than that in
the other two fractions, activities of these enzymes in
the cytosol were lower than that of mitochondria and

Table TV. Effect of Ammonium Acetate on Pyruvate Dehydrogenase and Enzymes of Cilric Acid Cycle and of Borst Cycle in the Mitochondria
of Rat Cerebral Corlex

Enryme Normal Acute Subacute
1. PDH 9.66 = 0.52 152 = 037 noz 1.1
Z P<0.02 +57% Pe005  +14%
2.C5 65 =+ B 62 =11 67 =12
NS - 5% N§ + 36
3. ICDH (NAD) 58+ 4 43 = § k1 S
P<0.05 + 20% NS + 10%
4. n=KGDH n = 37 26 = 3.9 2 = A7
NS +18% L0005 445%
5. SDH 28+ 043 5.56 = 0.7 494 = 09
P<0.001 +99% Pz0.005 +76%
6. MDH 536 = 41 31 =2 365 £ 15
(MAL—=0OAA) Pe000)  -36% Pel =325
7. MDH 472 = 43 SO8 = B 464 = 3R
(0AA—=MAL) NS + 8% NS ~ 26
8. AAT 150 =15 B2 =8 9% = 16
P<000] -45% <0.00] - 34%
9. AIAT 23 = 37 2.7 = 0.3 87 = 1.8

P<D.OD)  —BB% PO} (2%

Activity is expressed as Mean + SD.
PDH: pyruvate dehydrog

Cs: citrale Synthetase: ICDH: isocitrate dehvdrogenase; a-KGDH: a-ketoghiarate dehvdrogenase; SDH: succinate

dehvdrogenase; MDH: malate dehydrogenase: AAT: aspartate aminotransferase: ALAT: alanine aminotransferase.
Activiny units for PDH, ICDH. «-KGDH, MDH(NAD) are pmol of NAD reduced/mg protein/hr and for CS is wmol of citrate formed/mg protein/
hs. SDH is pmol of succinate oxidized/mg protein/br and for MDH(NADH), AAT and A1AT is pmol of NADH oxidized/mg protein/hr No. of

experiments are $. For each experiment two animals were used.
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Table V. Effect of Ammonium Acewie on Pyruvaie Dehvdrogenase and Enzymes of Citric Acid
Cycle and of Borst Cycle in the Synaptosomes of Rat Cerebral Cortex

Enzvme Normal Acute Subacute
1. PDH 342 = 0.33 132 = 2.6 87 = 0.7
P<0.001 « 2856 FP<0.001 +154%
2. CS 2= 4 32 %2 37 =8
NS NS +16%
3. ICDH (NAD) td = 172 16.2 15.7 =
P<0.0 P <0005
4. a-KGDH 195 = L9 24 5 =
P<0.05 +23% P<0.005 +
5, SDH 0.53 = 0.06 092 = 0.15 073 = 0
P<0.005 +74% P<0.001 =385
6. MDH 388 = 33 251 = 285 = 24
(MAL=DAA)} F<0.005 P<0.005 -27%
7. MDH 462 = 35 383 556 = 28
(OAA—=MAL) P<0.005 +20%
8. AAT 192 = B.3 108 = 13
Pe0.00] -44%
9, AIAT e 38 = 0.2
P<0.005 -27%

Legend as in Table [V

synaptosomes. As observed in the other two fractions,
malate dehydrogenase activity in the direction of malate
to oxaloacetate was suppressed. However, activity of
this enzyme in reverse direction was elevated. Activities
of both the aminotransferases were suppressed in this
subcellular fraction following the administration of sub-
acute dose of ammonium acetate.

Administration of acute dose of ammonium acetate
brought about changes in the activities of these enzymes
which are similar to those described above. In the case
of pyruvate dehydrogenase, citrate synthase, isocitrate,
a-ketoglutarate and succinate dehydrogenases and ala-
nine aminotransferase, the magnitude of change under
these conditions was higher than that of subacute tox-
icity.

DISCUSSION

In studies dealing with subcellular fractions, it is
customary to establish the purity of the fractions by de-
termining the marker enzymes. However, caution must
be exerted in situations where the activities of marker
enzymes are also atered in the experimental condition
(17). In the present case, activities of the markers (lac-
tate dehydrogenase and succinate dehydrogenase for cy-
tosol and mitochondria respectively) were dso atered
substantially in the hyperammonemic state (Table VI1).
Hence, the relative activities of the marker enzymes were
taken into consideration. Changes in the ratio of succi-

nate dehydrogenase activity between mitochondria and
synaptosomes were statistically not significant indicating
that there were no alterations in the purity of these prep-
arations. However, the cytosol/mitochondria ratio of lac-
tate dehydrogenase was atered only in the subacute
condition. A statistically significant increase in the ratio
for succinate dehydrogenase in these two fractions was
observed in hyperammonemic states. Though these re-
sults indicated a contamination of mitochondria with cy-
tosol, this is difficult to comprehend as the buoyant
densities of these two fractions are different and they are
separated a an early stage of preparation. Hence, the
changes in these ratios are due to drug induced changes
in the activities of lactate and succinate dehydrogenases
rather than contamination of fractions.

Increased activity of pyruvate dehydrogenase ob-
served presently in the conical mitochondria isolated from
the brains of hyperammonemic rats is in agreement with
our earlier reports in homogenates (10). Such an increase
in the activity of this enzyme might permit channelling
of more pyruvate into citric acid cycle. However, lack
of change in the activities of citrate synthase and isocit-
rate dehydrogenase in subacute conditions and citrate
synthase and a-ketoglutarate dehydrogenase in acute states
might limit the flow of carbons through this cycle.
Suppression of malate dehydrogenase activity in the di-
rection of oxaloacetate production lowers the formation
of oxaloacetate and results in the accumulation of mal-
ate. A fdl in the production of oxaloacetate would affect
the rate of synthesis of citrate. Moreover, this would
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Table V1. Effect of Ammomum Acetate on Pyruvate Dehydrogenase and Enzymes of Citnic Acid
Cyele and of Borst Cvele in the Cyiosol of Rat Cerebral Cortex

Enzyme Normal Acute Subacute
1. 'bH L3 = 018 7.2 = 0.52 346 = 05
P<0.001 4 595% P<001 +234%
2. CS e + 0.05 1.8 + 0.2 1.5 + 04
Pl & 125% P=0L001 + BR%,
3. ICDH (NAD) 1.5 = 0.47 20 + (49 22 + (.32
P<.0D5 +93% P<.025 +47%
4, w-KGDH 36 2 0.54 11.4 = 2.2 55 = 0.58
FP<0.00] +220% P<n.00] +54%
5. SDH 0.04 = 0,002 0.33 = 0.042 0197 = 0.018
Pe0. + 725% Pre00] 4 303%
6. MDH 392 + 66 228 = 24 240 = 22
[MAL—0AAN) P<Lin) - 42% Pe(.008 ~39%
7. MDH 576 = 68 79 = 27 755 = 69
[OAA—-=MAL) P<0.005 +25% P<0.005 +31%
8. AAT 129 = 13 T+ 6 68 = .6
P<0.0Mm - 45% P00l —47%
9. AIAT 12 = LB 7.8 = 0L.76 598 = 0.78

P<0.00 -36% P<0.001 =52%

Legend as in Table IV.

also limit the amount of oxaloacetate available for tran-
samination of glutamate, which together with the
suppression of aspartate aminotransferase, would lower
the production of aspartate in mitochondria. As mito-
chondrial aspartate is exchanged for cytosolic glutamate
during the operation of malalc~aspar(alc shuttle, reduc-
tion in aspartate levels would affect the operation of this
shuttle. The reported fall in aspartate and increase 1in
malate levels in brain in hyperammonemic states are in
agreement with this suggestion (9, 18). Though malatc
dehydrogenase activity in the direction of malate for-
mation is unaffected, it would be of little consequence
as malate is not the substrate for citrate synthase and
aspartate aminotransferase.

It is quite possible that more than one mechanism
may be involved in bringing about the observed changes
in the activities of different enzymes in hyperammo-
nemic stales. These may be an increase in mitochondrial
content (Table 1I1); changes in the phosphorviation-de-
phosphorylation of enzymes such as pyruvate. isociiralc
and c-ketoglutarate dchydrogenases (19, 20) and changes
in the membrane fluidity {21). Though an increase in
the mitochondrial protein content was observed in the
present investigation, further studies are required in this
direction.

Changes in the activities of malatc dehydrogenase
(in the direction of OAA formation) and aspartatc ami-
notransferase in cytosol in hyperammoncmic states are
similar to those of mitochondria. However, in cytosol
malatc dehydrogenase is supposed to be involved in the

synthesis of malate and it is interesting to note that the
enzyme activity in the direction is enhanced in hypct-
ammonemic states. Despite this, production of malatc n
this compartment would be limited due to the reduction
in the amount of aspartate available (c.f. above) and fall
in the activity of aspartate aminotransferase in this com-
partment. Thus, it appears that reduction of malate de-
hydrogenase activity in mitochondria and of aspartale
aminotransferase in mitochondria and cytosol might be
the reasons for the failure of malate-aspartate shuttle in
hyperammonemic states. Moreover, reduced aspartatc
aminotransferase activity would affect the production of
glutamate which is required for the exchange with mi-
tochondrial aspartate and also for glutamine synthesis.
It is interesting to note that addition of cither glutamatc
or aspartate normalized the malate-aspartate shuttle in the
primary cultures of astrocytes in the presence of pathophy-
siological concentrations of ammonium chloride (22). Un-
der in vivo conditions, such a situation is averted by the
augmented production of glutamate from the transamina-
tion of branched chain amino acid and of oxaloacctate by
carbon dioxide fixation (23, 24).

Changes observed in the cytosolic activities of py-
ruvate dehydrogenase and citric acid cycle enzymes in
hyperammonemic states are surprising as this fraction is
supposed to be devoid of them. Activities of these en-
zymes, though less in this fraction when compared o
the milochondria, were enhanced in hyperammoncnic
state. Such an increase is difficult to explain unless it is
assumed that at least some mitochondria have altered
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Table M|. Activity Levels and Relative Percentages of Marker Enzymes in Subcellubr Fractions
of Normd and Hyperammonemic Rats

Enzyme Cyiasol Miuochondria Svnaplosomes
SDH N 0.040 = 0.003 2.8 = 02 .04
SA 0.197 = 0.015 4.9 = 04 0.01
P<0.001 +393% P<0.005 +76% +38%
A 0.330 = 0,009 $56 = 0.M 010
P<0.001 +725% F<0.00] +99% P<0.05 +74%
LDH( 1) N 3Bs: £ 72 TeEx3 121 = 9§
SA 295 = 15 24 =3 95 =8
P<0.001 -23% P<0.001 —70% P<0.005 - 21%
A 145 = 29 M =7 108 = 4
Pec.ODl =627 P<0.001 =5 P<0.01 =11%
LDH(2) N B =4 4 =3
SA 09 = M= 4
P<0.001 +82% P<Q.005 +48%
A 48 = 12 47 = B
N.5. +26% P<0.001 +104%
Relative Percentages
SDH N 1.58 = 0.26 100 = 0
SA 4.10 = 0.76 100 = 0
P00
A 6.00 = 1.1 100 = 0
P<0.001
LDH(1Y N 100 =0 21 = 28
SA 100 = 0 8.2 = 1.4
P<0.001
A 100 = 0 239 = 40
N.S.
LDH(2) N 100 = 0 63 = 15
S5A 100 = 0 B =b
P <0.005
A 100 = 0 47 = 11
N.S.

LDH : Lactate dehydrogenase (1) pyruvate — laciate, activity 1s expressed as wmoies of NADH
oxidized/mg protein/hr: (2) lactate — pyruvate. activity 1s expressed as wmoles of NAD reduced/mg

proieinhr. Rest of the legend same as in Table IV.

their buoyant density due to swelling and sediment at
higher centrifugal forces or a population of mitochondria
degenerate and release their contents in to cytosol in
hyperammonemic states. It is interesting to note that such
changes have been reported in the mitochondria in hy-
perammonemic states (25). Despite these changes, avail-
ability of substrates and NAD~ required for these enzymes
in cytosol might be inadequate and rate limiting. Hence,
such changes may not influence cellular energy metab-
olisn under these conditions.

As synaptosomes used in the present study have
both mitochondria and cytosol, changes observed in the
activities of pyruvate dehydrogenase and citric acid cycle
enzymes might be similar to those described above. A
smal population of synaptic mitochondria might have
also degenerated under these conditions and liberated
their contents into synaptoplasm.

One pertinent point to be discussed at this juncture
is whether the activities of enzymes measured in vitro
especialy under optimal conditions serve as represen-
tatives of in vivo changes. These enzymes from normal
and hyperammonemic rats were measured under identi-
ca assay conditions where optimal concentrations of
substrates and cofactors and pH are provided. It is ap-
parent that the observed changes in the activities of these
enzymes are not experimental artifacts, but have oc-
curred in situ and have survived the isolation procedure
and hence they may represent changes that have taken
place in vivo.

Present study, thus, suggests a derangement in the
operation of malate-aspartate shuttle in the hyperam-
monemic states might be due to the suppression of mal-
ate dehydrogenase in mitochondria and of aspartate
aminotransferase in mitochondria and cytosol and the
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possibility of exislcnce of a small populaion of mito-
chondria which arc highly vulnerable to ammonia Fur-
ther studies are being conducted to localise these changes
in the specific cellular compartments of brain.

ACKNOWLEDGMENTS

Financia assistance of University Grants Commission in the fom

of Senior Reseerch Fellowship to LRK ts gratefully acknowledged.

REFERENCES

w

N

o

o

~

™

©

I. Bessman. S P.. ad Bessman, A. N. 1955. The cerebrd and
periphera uptake of anmonia in liver disease with an hypothess
for the mechanism of hepatic coma. J. Clin. Invest. 34:622-628.

2. Bessman. S. P.. and Pal, N. 1976. The Krebs cycle depletion

theorv of hepatic coma. pp. 83-&9. In. Grisolia. S., Baguena R.,
and Mayer, F. (eds.), Urea Cycle, John Wiley and sons. New
York.

McCandless. D. W.. and Schenker, S. 1981, Effect of acute am-
monia intoxication of energy stores in the cerebrd reticular acti-
vaing sysem. Exp. Brain Res. 44:325-330.

. Mindldt, B. 1983. Ammonia intoxication and brain energy me-
tabolism. pp. 474-484, In, Kleinberger, G., and Deulsch, E.,
(eds.), New Aspects of Clinica Nutrition, Karger, Basd.
Hindfelt. B., Plum. F., and Duffy. T. E. 1977. Hffett of acute
ammonia intoxication on cerebral metabolism in rats with porta-
caval shunts. J. Clin. Invest. 59:386-3%.

Hindfell. B.. and Siego. B. K. 1971. Cerebra effects of acute
ammonia intoxication. 1. The influence on extracellular adid-base
parameters. Scand. . Clin. Lab. Invest. 28:353-364.

Hindfel, B.. ad Sieso. B. K. 1971. Cerebra effects of acute
ammonia intoxication. |I. The effect upon energy metabolism.
Scand. J. Clin. Lab. Invest. 28:365-374.

Hindfelt. B. 1975. On mechanisms in hyperammonemic coma
with particulas reference to hepatic encephalopathy. Ann. New
Yok Acad. Sci. 252:116-123.

Hindfclt, B.. ad Siego. B. K. 1970. The efect of anmonia on
the energy metabolism of the rat brain. Life Sci. 9:1021-1028.

0. Ratnakumari, L.. Subbalakshmi, G. Y. C. V., and Murthy. Ch.

R. K. 1986. Acute effects of anmonia on the enzymes of citric
acid cycle in tat brain. Neurochem. int. 8:115-120.
Cotman, C. W. 1974. Isolaion of synaplosoma and synaptic

12.

13.

14.

15.

16.

o

17.

1

19.

©

20.

21

22.

23.

2

E=

25.

co

Ratnakumari and Muai thy

plasma membrane fractions. pp. 445-452. in, Fleischer, S.. ind
Packer. L. (eds.), Methods in cnzymology. Vol. XXXI, Aca
demic Press, New York.

Subbaakshmi, G. Y. C. V., and Murthy, Ch. R. K. 1985. Iso-
lation of Astrocytes, Neurons and Synaplosames of rat bran cor-
tex: Disribution of enzymes of gtutamelc ism. Neurochem.
Res. 10:239-250.

Lowry. O. H.. Rosenbrough, N. J,, Far, A. |... and Randall. R.
J. 1951. Protein measurement with the falin phenol reagent. J.
Biol. Chem. 193:265-275.

Yoshida A. 1969. I.-Matate dehydrogenase from Baalim subti-
lus. pp. 1431-142, In, Lowenstein, J. M. (ed.), Methods in cn-
zymology, Vol. XIII, Academic press. New York.

Bergmeyer, Il. U.. and Bernt, E. 1974. Glutamaie oxaloacetale
transaminase, Gl pvnivaie i pp. 574-579, 727-
733, in, Bergmeyer. H. U. (ed.). Methods of enzymetic analysis,
Vol. 1I. Academic press. New York.

Nandakumar, N. V., Murlhy, Ch. R. K., Vijayaksmari, D.. ad
Swami, K. S 1973. Axonat protein charges and Succinate de

hydrogenase activity in Sheep medulla oblongata. Ind. J. Expil.
Biol. 11:525-528.

Subbalakshmi. G. Y. C. V., ad Murthy, Ch. R. K. 1985. Dif-
ferentiad response of enzymes of glutamaie metabolism in neurona
perikarva and synaptosomes in acute hyperammonemia in rat Nu-
erosci. Lett. 59:121-126.

Hawkins. R. A.. Miller, A. L., Nielsen. R. C. and Veech. RL..
1973. The acute action of anmonia on rat brain metabolism in
vivo. Biochem. J. 134:1001-1008.

Randle. P. J. 1983. Mitochondrial 2-oxe add dehydrogenase
complexes of animd tissues. Philos. Trans. R. Sec. London. Set.
B. 302:47-57.

Laporle. D. C, and Koshland, Jr. D. E. 1983. Phospharylation
of tsocitrate dehydrogenase as a demonstration of enhanced sen
stivity in covalent regulation. Nature. 305:286-290.

O'Conner, J. E.. Guerri. C, and Grisolia S. 1984. Effects of
ammonia on synaplosomal membranes. Biochem. Biophys Res.
Commun. 119:516-523. ‘g

Murlhy. Ch. R. K.. and Hertz, L. Regulation of pyruvate decar-
boxylation in astrocytes and in neurons in primary cultures in the
presence and absence of ammonia. Neurochem. Res. 13:57-61.
Jessy, J., and Murthy, Ch. R. K. 1985. Elevation of transami-
nalion of branched chain amino acids in bran in acule ammonia
toxiciry. Neurochem. Int. 7:1027-1031.

Berl, S. 1971, Cerebra amino acid metabolism in hepatic coma.
pp. 71-89, In. Polli. E. E. (ed.), Neurochemistry of Hepatic Coma,
Vol. 4, Krager, Basel.

Drewis, L. R.. and Leino, R. L. 1980. Neuron-specific mito-
chondrial degeneration induced by hyperammonemic and octanoic
acidemia. Brain Res. 340:211-218.




e Lttors, 108 (

Elsevier Sciennfic Publishers

NSL eS|

Effect of methionine sulfoximine on pyruvate

dehydrogenase. citric acid cycle enzymes and

aminotransferases in the subcellular fractions
isolated from rat cerebral cortex

L. Ratnakumari and Ch.R.K. Murthy
Nehood uf Lite Svwences, Unversety of Myderabad, Hodorabaid - India

Recerved 10 May 1989 Revised version recerved 14 Seprember 1989 Accepred |6 Seplember 1989

Parurate

ine sulphoximine

The etfect of acute and subacute doses of L-methionine-pL-sulfoximine (MShH were studied on the activi-
ties of pyruvate dehydrogenase. enzymes of dtric ucid cycle and aspartate and alanine aminotransterases
m 1 he mitochondria, synaptosomes and cytosol of rat brain. In general. the activities of pyruvate dehydro-
senase and of the cunc acd cyde enzymes, except malate dehydrogenase (malate —oxaloacetate), were
elevated in dl 3 subcellular fractions. Malate dehydrogenase activity (malate-soxaloucetate) was sup-
pressed in the mitochondria while the activity of this enzyme in the reverse direction was enhanced in the
cytosol. Activities of aspartate and alanine aminotransferases were suppressed under these conditions. As
the effects ot MSl on these enzymes were similar to those observed upon the administration of ummonium
salts. 1t 15 suggested that the hyperammonemie stale induced by MS might derange the operation of the
malate-aspartate shuttle Increased activities of citric acid cycle enzymes in the cytosol suggested the exis-
tence of a gl population o mitochondria which was highly vulnerable either to ammonia or to MSl.

Methionine sulphoximine is a potent convulsant with prolonged latency period and
the onset of convulsions varies with the dosage of the drug administered and the age
of the animal [5. 6]. Though it has been suggested earlier that the toxic effects of this
drug are primarily due to the inhibition of glutamine synthetase (GS). recent evidence
15 not supportive of such a suggestion [$]. However, the induction of hyperammone-
mi¢ state by methionine sulphoximine (duc to the inhibition of GS) has been con-
firmed by several investigators [5. 6, 10].

Pathophysiological concentrations of ammonia arc known to affect the cerebral
energy metabolism either by draining away the intermediates of citric acid cycle or
b\ depleting cerebral energy reserves [1]. Though there are numerous reports on the
levels of these intermediates 1n hyperaummonemic states [2], very little information is
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available on the activities of enzymes and the specific mechanisms involved in the
alteration of the levels of these intermediates in MS| induced hyperammonemic
states. In the present study, we report the changes in the activity levels of pyruvate
dehydrogenase and citric acid cycle enzymes along with those of aminotransferases
in mitochondria, synaptosomes and cytosol isolated from the brains of rats treated
with methionine sulphoximine and compared them with those of normal rats. Results
of the present study indicated a generalized increase in the activities of pyruvate
dehydrogenase and of citric acid cycle enzymes except that of malate dehydrogenase
in the mitochondria and synaptosomes isolated from the brains of methionine sul-
phoximine treated animals. Further, results of the present study also indicated sup-
pression of the activities of malate dehydrogenase (in the direction of malate —oxalo-
acetate) and of the aminotransferases which is suggestive of a derangement in the
transport of reducing equivalents across the mitochondnal membranes through the
malate-aspartate shuttle. It was also observed that the activities of these enzymes
were enhanced in the cytosol which is suggestive of the existence of a small popula-
tion of mitochondria which degenerates and liberates their contents into the cytosol
under these conditions.

L-Methionine-pL-sulphoximine was dissolved in saline (pH 7.0) and was adminis-
tered intraperitoneally to 6-month-old Wistar rats. The subacute group received |50
mg of the drug kg b.wt. while the acute group received 300 mg of the drug, kg b.wt.
The subacute and acute groups of animals were decapitated at the end of 17.5 and
3.5 h, respectively. Methods adopted for the preparation of the subcellular fractions
(mitochondria, synaptosomes and cytosol) from the cerebral cortex and for the
enzyme assays have been described earlier [8]. Ammonia content was determined as
described earlier [10] in the extracts of frozen (liquid nitrogen) brains. Protein content
was determined by the method of Lowry et al. [4]. Statistical analysis of the data was
by Newman Keul's multiple-range analysis.

Behavioural changes observed prior to the onset of convulsions in the rats adminis-
tered with MSI have been described earlier [5, 6, 9, 10]. Acute group of animals
entered into convulsions between 35 and 4 h while the onset of convulsions was

TABLE|

AMMONIA LEVELS IN BLOOD AND BRAINS OF NORMAL AND METHIONINE SULFOXI-
MINE TREATED RATS

Values are expressed in brain as umol of anmonia g wet wt. and in blood as umol of ammonia/ml.
Number in parentheses indicates number of experiments.

Condition Bruin Blood

Normal D43 0100 0.073 = 0.01(3)

Suhucute 210 = 0.20(8) P<0.001, 0.700 & 0.10(5) P<0.001
+367% - 850

Acule 270 £ 0.5005) P<0.00] 0,800 £ 0.10¢5) P<0.001,

+ S009% + 996 %



observed to be at 17.5 h in the subacute group. The mortality rale was very high in
both the groups alter the convuisions, hence the animals were sacrificed during the
convulsive phase. Blood and brain ammonia levels in the normal animals (Table I
were within the range of reported values [2]. Following the administration of MSI.
the ammonia levels in the brain and blood were enhanced. The magnitude of eleva
tion in theammonia levelsin both the groups were observed to be higher in the blood
than in the brain. As was expected. the increase in the blood and brain ammonia
levels were higher in acute group of animals than in subacute group of animals.

TABLE Il

EFFECT OF METHIONINF SULFOXIMINE ON PYRUVATE DFHYDROGENASE AND
ENZYMES OF CITRIC ACID CYCLE AND BORST CYCLE IN TH MITOCHONDRIA OF RAT
CEREBRAL CORTEX

Activity isexpressed as mean +S.D.

PDH, pyruvate dehydrogenase CS. citrate synthetase; FCDIH, isocitrate dehvdrogenase: x-KGDIH, x-ke-
toglutarate dehydrogenase: SDH. succinate dehydrogenaie; MIDH, malate dehydrogenass, AATT, aspar-
tate aminotransferase; AI\T. alanine aminotransferase. Activity units for PDH, ICDH. »-KGDH.
MDH(NAD") are ymol of NAD' reduced, mg proleinh and for €S gmol of citrate formed ‘mp proteinh
SDH 1s gmol of succinate oxidized mg protein h and Tao MDHINADI). AAT and AIAT is gmol ol
NADU oxidized 'mg protein h. No. ol experiments is 5. I7or cach experiment two animal's were used

Enzyme Nuimal Acule Suhacuie
PO 0+ N8 1sn4 10 o408
P=0000, + 569 Pl + 12
s 654 8 0404 (B
NS, + 0% NS, 1.5
TCTYH (NADY ) 1584 4 45428 WH4
P=0001, 4+ 25% Pan, + K5
KD 22437 44 4 30
P i), 4 HNE Wi di

Piihing, + b

S 204043 122413 KA & 0RS
P<O00], 4 1365 P0001, 4+ 200%
MDL SA6 + 41 270 + 13 195 + 45
(MAL—=OAA) P=0001, - S0% P00, - 26
MDH 472 4+ 43 477 4 40 495 4 52
(DAA-MAL) NS. + 1% NS, + 5%
AAT 150+ 15 1H2+13 7414
P, — 19% P<id, — 22%
AIAT 23+37 [N 14425

P<0.00], - 56% F<0.005 0w



TABLE Il

EFFECT OF METHIONINE SULFOXIMINE ON PYRUVATE DEHYDROGESASE AND
ENZYMES OF CITRIC ACID CYCLE AND BORST CYCLE IN THE SYNAPTOSOMES OF RAT
CEREBRAL CORTEX

Legend asin Table I1.

Enzyme Normal Acute Subucute
PDH 342+ 033 100+1.2 90£05
P<0001, + [94% P<0.001, + 165%
s 3244 40+ 04 W+a
P<000I, +25% P<0025 + 19%
ICDH (NAD ") 41112 200zx14 160+14
P<000], +82% P<0.005, +45%
»KGDH 19.5 +1.99 30 427 25 +28
P<0001, + 58% P<002, +32%
SDH 0.53 =006 DAD =01 070 +0.04
P<0.001, +60% P<0.001, +30%
MDH INAD") IBR + 13 215425 B9
(MAL-DAA) P<000], —44% P<0.00l, =27T%
MDH (NADH} 462+ 35 472 + 45 455+ 47
[OAA-MAL) NS, +121% NS. -1.5%
AAT 192+8.3 95 +9 141 + 11
P<0001, =50% P<0.001, -26%
AIAT 52407 24+04 19+04
02, -22%

P<0.001, —52% P

Purity of the isolated subcellular fractions and the activity levels of the enzymes
of citric acid cycle and of aminotransferases in the mitochondrial. synaptosomal and
cytosolic fractions prepared from the normal animals have been described earlier [8].
Activities of pyruvate, z-ketoglutarate and succinate dehydrogenases were enhanced
in the mitochondrial fraction isolated from the brains of subacute group of animals
when compared to the controls. Activity levels of citrate synthase. tsocitrate dehydro-
genase and malate dehydrogenase (oxaloacetate —malate) were unaltered under these
conditions. However. activities of malate dehydrogenase (malate —oxaloacetate) and
of aminotransferases were suppressed in the mitochondrial fraction isolated from
animals injected with subacute dose of MSI.

In the synaptosomal fraction. activity levels of pyruvate. isocitrate. x-ketoglutarate
and succinate dehydrogenases were enhanced following the administration of a sub-
acute dose of MSI. Citrate synthase activity was elevated marginally but not to a
significant extent. Malate dehydrogenase activity measured in the direction of malate



to oxaloacetate was suppressed while the activity of same in the reverse direction was
unaltered. Activities of both the aminotransferases were suppressed in the synaptoso-
mal fractions prepared from the subacute group ol animals.

In the cytosol more or less a similar profile of changes were observed and the mag-
nitude of changes in the activities of pyruvate dehydrogenasc and succinate dehydro-
genase were much higher than those in the mitochondria. In contrast to the observa-
tions made in the synaptosomal fractions. activity of malate dchydrogenase (oxaloa-
cetate — malate) was enhanced in cytosol. The magnitudes of changes in (he activities
of aminotransfcrases in the cytosol were similar to those described above.

In all the 3 subcellular fractions isolated from the brains of rats administered with
an acute dose of MSI. changes in the enzyme activities were more or less similar to
those observed in the subacutc state with few exceptions. In general, the magnitude

TABLE IV

EFFECT OF METHIONINE SULFOXIMINE ON PYRUVATE DEHYDROOF-NASE AND
ENZYMES OF CITRIC ACID i YC'LE AND BORSTCYCLE IN THI CYTOSOL OF RAT CER
BRAL CORTEX

Legend as in Table [1

Enzyme Normal Acute Subacute
PDH 1036 4 018 46402 250 403
P<0001, + 360 P<0001, + 150
CS 0R 4 005 164+02 L1001
P<0001, + 100% P=0001, + 8%
1CDH INADY) 1.5+ 047 27403 20402
P<0.005, 4 BO% NS, +31%
x-KGDH 36+ 0.54 6.2 4 0.6 45405
P<0.001, + 72% P<0.01, + 25%
sSDI 004 ¢ 0,002 0.36 4 0.04 0180 ¢ D02
P<0.001, + R00% P=0001, 4 350%
MDH (NAD*) 192 4 66 171 4 52 N 4+ 34
(MAL=OAA) P<000), ~56% <002, -21%
MDH (NADH) 576 4 68 T64 4 74 082 + 6K
[OAA-MAL) P<0001, +33% P<001, + I18%
AAT 129 4 13 674 16 10249
P<0001, - 48% P<0.001, - 21%
AIAT 12418 12403 K204 09

P<0.001, ~T3% <0001, -32%
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TABLE Il

EFFECT OF METHIONINE SULFOXIMINE ON PYRUVATE DEHYDROGENASE AND
ENZYMES OF CITRIC ACID CYCLE AND BORST CYCLE IN THE SYNAPTOSOMES OF RAT
CEREBRAL CORTEX

Legend asin Table |l

Enzyme Normal Acute Subscute
PDH Ja2+033 10,0 £1.2 90+05
P<0.001, + 194% P=0,001, + 165%
cs 12+4 40 =04 B4
F<0001, + 25% P<0025, + 9%
ICDH (NAD*) 1na+zLmn 00x14 60+ 14
P<0.001, +82% P<0.005, +45%
»KGDH 195 199 W+27 25+£28
P=0.001, + 58% P<002, = 32%
SDH 0,53 = 0.06 0,80 = 0,1 0.70 + 004
P<D.001, +60% P<0.001, +40%
MDH (NAD*) 388 + 33 215428 B+
(MAL=-OAA) P<0001, —dd% P<0.001, =27%
MDH (NADH) 462 + 35 472 £ 45 455 = 47
(OAA—=MAL) NS. +2% N.S. —1.5%
AAT 192483 95 + 9 141 £ 11
P<0001, —50% P<0001, —26%
AIAT 52507 24+04 19104

P<0.001, —52% P<0.02, -22%

Purity of the isolated subcellular fractions and the activity levels of the enzymes
of citric acid cycle and of aminotransferases in the mitochondrial. synaptosomal and
cytosolic fractions prepared from the normal animals have been described earlier [8].
Activities of pyruvate. z-ketoglutarate and succinate dehydrogenases were enhanced
in the mitochondrial fraction isolated from the brains of subacute group of animals
when compared to the controls. Activity levels of citrate synthase. isocitrate dehydro-
genase and malate dehydrogenase (oxaloacetate —»malate) were unaltered under these
conditions. However, activities of malate dehydrogenase {malate —oxaloacetate) and
of aminotransferases were suppressed in the mitochondrial fraction isolated from
animals injected with subacute dose of MS.

In the synaptosomal fraction, activity levels of pyruvate, isocitrate, z-ketoglutarate
and succinate dehydrogenases were enhanced following the administration of a sub-
acute dose of MSI. Citrate synthase activity was elevated marginally but not to a
significant extent. Malate dehydrogenase activity measured in the direction of malate



to oxaloacetatc was suppressed while the activity of same in the reverse direction was
unaltered. Activitics of both the aminotransferases were suppressed in the synaptoso-
mal fractions prepared from the subacute group of animals.

In the cytosol more or less a similar profile of changes were observed and the mag-
nitude of changes in the activities of pyruvate dehydrogenase and succinate dehydro-
genase were much higher than those in the mitochondria. In contrast to the observa-
tions made in the synaptosomal fractions, activity of nialate dehydrogenase (oxaloa-
cetate—»malate) was enhanced in cytosol. The magnitudes of changes in the activities
of aminotransferases in the cytosol were similar to those described above.

In al the 3 subcellular fractions isolated from the brains of rats administered with
an acute dose of MSI. changes in the enzyme activities were more or less similar lo
those observed in the subacute state with few exceptions. In general. the magnitude

TABLE 1V

EFFECT OF MFTHIONINE SULFOXIMINE ON PYRUVATE DEHYDROGENASE AND
ENZYMES OF CITRIC ACID CYCLE AND BORST CYCLE IN TUT CYTOSOL OF RAT CERE-
BRAL CORTEX

legend as in Tabie I

Enzyme Normal Acule Subacule
PDH 1036 4 0.18 46402 250403
P<0.00], + 360% P<0.001, 4 150%
Cs 084005 16402 LT +0.0
P<0.001, + 100% P<000], + K%
ICDH (NAD ) 1.5+ 047 27+03 20402
P<0.005, + BO% NS. +13%
a-KGDH 361054 62406 45405
P<0.001, 4 72% P<0001, +25%
SDH 0.04 + 0.002 0.36 4 0,04 0180 4 0.02
P<0.001, + B00% P<0.001, + 350%
MDH (NAD ') 102 + 66 171 4 52 0l 4 3
(MAL=OAA) P<0.001, —56% P<0.02, -23%
MDH (NADH) 576 + 68 764 4 74 682 + 68
(OAA-+MAL) P<D.001, 4+ 33% P<001, + 8%
AAT 129413 67+ 16 m+9
P<DO0l, —48% P<000], ~21%
AIAT 12418 12103 820409

P<0001, —731% P<0.001, -32%
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of change was much higher in the acute group of animals than in the subacute. The
activity of isocitrate dehydrogenase in the mitochondrial fraction isolated from acute
group was enhanced significantly.

Results obtained in the present study on the enzymes of citric acid cycle and amino-
transferases in the subcellular fractions were similar to those reported in the cerebral
homogenates prepared from rats treated either with MSI or ammonium acetate and
to those in the subcellular fractions prepared from brains of rats treated with ammo-
nium acetate [6-8]. Increased activity of pyruvate dehydrogenase in the mitochondria
might favour the channeling of pyruvate into the citric acid cycle. Similarly, increased
activities of isocitrate, x-ketoglutarate and succinate dehydrogenases might enhance
carbon flux through the citric acid cycle in cerebral mitochondria in MSI toxicity.
Though citrate synthetase activity in the mitochondria was not altered under these
conditions, increased activities of other enzymes might pull the reaction forward.
However, reduction in malate dehydrogenase activity in the direction of oxal oacetate
formation might act as a constraint and result in the accumulation of malate. Though
malate dehydrogenase activity in the direction of malate formation was unaltered,
it will be of little importance as malate is not the substrate for citrate synthetase.
Similar changes might also occur in the synaptosomal fraction as the synaptosomes
are known to contain mitochondria. The decrease in the activity of malate dehydro-
genase (malate—oxaloacetate) would not only limit the oxaloacetate formation but
also results in accumulation of malate. Suppression in the aspartate aminotransferase
activity together with that of malate dehydrogenase might lower the production of
aspartate in mitochondria. Hence, it appears that suppression of malate dehydroge-
nase activity in mitochondria and aspartate aminotransferase both in mitochondria
and cytosol might be the reasons for the failure of the malate-aspartate shuttle in
hyperammonemic states. The decreased activity of aspartate aminotransferase would
limit the formation of glutamate in cytosol which is required for the exchange with
aspartate from mitochondria.

Enhancement in the activities of pyruvate dehydrogenase and of citric acid cycle
enzymes in the cytosol were surprising as this subcellular fraction is supposed to be
free of mitochondria. However, it must be mentioned that even under these condi-
tions, activities of these enzymes were much lesser in the cytosol compared to the
mitochondria. Such an increase in the activities of these enzymes in the cytosol may
be due to altered buoyant density and/or fragmentation of mitochondria as a result
of which they do not sediment along with larger mitochondria. It might also be due
to the degeneration of the mitochondria and subsequent release of the enzymes into
the cytosol. It has been reported that in MS| toxicity mitochondrial number increases
and subsequently the mitochondria undergo degeneration [3]. It is quite possible that
such degenerating mitochondria might be releasing their contents into the cytosol.
In an earlier study, we have reported similar changes in the activities of these enzymes
in animals injected with an acute dose of ammonium acetate. Thus the observed
changes in the activities of enzymes of citric acid cycle and of aminotransferases
might be due to the enhancement of cerebral ammonia levelsin MS| toxicity.
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