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INTRODUCTION



Branched-chain amino acids, (BCAA; leucine, isoleucine and
valine) are three of the eight essential amino acids, that are not synthe-
sized in animal tissues. Hence, they are caled essential amino acids and
are indispensable. They are obtained from diet. BCAA comprise about 50%
ofthe total essential amino acids in the tissue.

BCAA are given a specia place in amino acid biochemistry due to
the multi-functional roles performed by them in the hedth and disease
of animals. Earlier, functional importance of BCAA was reveded in terms
of their incorporation into proteins. This concept further gained importance
by observations that neither growth nor positive nitrogen balance were
maintained without adequate supply of diet having BCAA. This brought
new dimensions in the treatment of certain diseases such as hepatic
encephalopathy, muscle wasting disorders, sepsis, trauma and diabetes
(Herlong et al., 1980, Sapir et al., 1983, Freud et a., 1978, Blackburn et
al., 1979 and Brosnon €t a., 1984

Very smal quantities of BCAA are found in a free state in the tissue,
while large amounts are present as components of proteins. Dietary proteins
are the mgor source of these amino acids although smal amount of BCAA
are derived from the degradation of proteins within the tissues. Ingested
dietary proteins are degraded by intestina proteases and free amino acids
are released into the intestinal lumen. From the lumen, these amino
acids are transported into portal blood by a carrier mediated transport
that requires energy and sodium for its function (Wiseman 1968). Carriers
for the transport of BCAA have been identified on the lumina side of the
int&stinal epithelia (Larsen et al., 1964). These carriers are called Neutral
Amino Acid Carriers as they transport other neutral amino acids such as

phenylalnine, tyrosine, tryptophan besides BCAA. All these amino acids



(including BCAA) compete for a common binding site on the carrier protein
and both 17 vivo and 1n vitro competitive inhibitions were reported for the
transport (Mathew s & Lastet965: Adibi& Gray 1967). Thus the relative con-
centrations of each amino acid with respect to other neutral amino acids
determines the rate of transport. This carrier has a very low affinity for
neutral amino acids (Km ~ 20 mM) (Bronk & Leesel974) suggesting that it is
saturated at very high concentrations of amino acids in the intestinal lumen.
This 1s advantageous as the quantity and quality of food (with respect to
neutral amino acids) consumed by animals is never consistent. |If the need
arises, such a carrier would be able to handle large amounts of neutral
amino acids. Besides this, Meister, (1973) proposed that some of these
amino acids might also be transported by y-glutamyl cycle Amino acids
are transported through portal circulation ( dl the amino acids including
neutral amino acids) to, liver which is the primary site for the catabolism
of most of the amino acids The unique feature in the catabolism of BCAA
in animals is that the process is initiated in extra-hepatic tissues primarily
in muscle. This is in contrast to the catabolism of other essential amino
acids which occurs primarily in liver. This process might be a beneficial
adaptation as 1t facilitates the maintenance of optimum levels of BCAA in
peripheral blood for their utilization in vital metabolic reactions (such as
protein synthesis) in other tissues (Krebs 1972).

In earlier years, BCAA were thought to be mainly utilized in the
synthesis of tissue proteins. However, later studies indicated additional
metabolic roles for BCAA in several tissues.

Metabolicrolesof BCAA:
(1) Protein Synthesis and Degradation :

Branched chain amino acids, especially leucine and valine are



abundant constituents of tissue proteins. They are incorporated into pri-
mary structure of proteins and impart hydrophobicity to the peptide chain.
Interaction between hydrophobic amino acid plays a pivotal role in protein
conformation and in integrating the proteins into membranes.

In addition, substantial evidence exists to suggest that BCAA and
their keto analogues have anabolic effects on protein metabolism in
muscle and other peripheral tissues including brain. Experiments con-
ducted primarily on ra muscle indicated thai BCAA suppress protein
degradation and stimulate protein synthesis (Buse& Reid 1975). /n vivo
studies on muscle aso indicated an enhanced protein degradation and a
decline in the total muscle protein content when the supply of BCAA
was restricted. This was reported to occur especialy in conditions of
starvation, malnutrition etc., (Paul and Adibi, 1980). These studies con-
firmed the involvement of BCAA in protein metabolism.

(I1) Glucose-Alanine Cycle :

For the sustenance and survival, tissues like brain and RBC have
absolute requirement for glucose. Though it 1s cunently believed that brain
has thc ability to use aternate metabolic fueds (such as ketone bodies,
glutamate and BCAA), glucose is till considered as the primary substrate
for cerebra energy metabolism (Hawkins et a., 1971).

Under conditions of starvation, glucose supply to brain would be
lowered which adversdly affects its function. Under such conditions,
muscle metabolism of BCAA plays a pivotal role in sparing glucose to
brain (Odessy et a., 1974). When blood glucose levels are lowered (as in
starvation), hepatic gluconeogenesis is stimulated under the influence of
hormones such as glucagon. Primary substrates for this process are alanine

and glutamine. These amino acids are synthesized in skeletad muscle, re-



leased into blood and transported to liver for gluconeogenesis.
During starvation, muscle converts glucose to pyruvate which gives

rise to aanine after undergoing transamination with glutamate.

Glucose\
Pyruvite -> Alanine

Glutamate il - K G

To maintain a continuous supply of glutamate, muscle transaminates

BCAA with «o-KG. This results in the production of BCKA besides
replenishing the tissue glutamate pools. This was evidently shown earlier by
Felig and Wahren (1971), Manchester (1965). Some of this glutamate is
converted to glutamine. Both glutamine and alanine along with BCKA are
released into blood and carried to liver. In this tissue, carbon skeletons of
alanine and glutamine are converted to glucose and their nitrogens are
incorporated into urea. BCKA, supplied by muscle, are further metabolised
either to CO7 or to produce ketone bodies (from the BCKA of leucine and
isoleucine). Glucose, synthesized in liver, is released into blood stream and
are supplied to other tissues which depend exclusively on glucose. This
cycle is called glucose-alanine cycle. Schematic diagram of the roles of

BCAA in glucose-aanine cycle is shown below.

BCAA a-KG Alanine

B('KA>

(11T} Role of BCAA in Lipid Metabolism ;
B-hydroxy-fB-methyl-glutarylCoA, produced during the metabolism

lutamate Pyruvate

of leucine, might act as a precursor for the synthesis of cholesterol.



Severa studies both in man and rats indicated that cholesterol 1s synthe-
szed from leucine in tissues such as adipose tissue and muscle
(Rosenthal et al., 1974), aorta (Stillway et a., 1977) and brain
(Dopeshwarker et al., 1979; Stillway et a., 1978). In addition, end prod-
ucts BCAA metabolism such as acetyl CoA and propionyl CoA might
serve as precursors for the aniso- and anteiso- fatty acids (Smith 1974).
(V) Roleof BCAA in the synthesisof Glutamate :

In brain, BCAA were aso found to be involved in the synthesis of
glutamate. Both carbons and nitrogens of BCAA were reported to be
incorporated into glutamate family of amino acids (glutamate, aspartate,
alanine, glutamine and GABA; Sadasivudu & Lajtha970). Yudkoff et al.,
(1983) reported that nitrogen of BCAA is incorporated into glutamate
through transamination and 30% of brain glutamate might be derived
through this process. Cremer et a., (1975) demonstrated that carbons of
BCAA are aso incorporated into glutamate family of amino acids.
Though the carbons of leucine are incorporated into glutamate family of
amino acids, this is not considered as net synthesis. This is because of the
fact that acetyl CoA (produced from leucine) enters into TCA cycle. In the
TCA cycle, carbons of acetyl CoA are distributed into various interme-
diates. As both a-KG and oxaloacetate are in equilibrium with amino
acids of glutamate family, the labelled carbons (derived from acetyl CoA
which in turn produced from leucine) are incorporated into glutamate
family of amino acids. However, when isoleucine and valine are used as
the substrates, then there is a net synthesis of glutamate family of amino
acids. This is because of the fact that these amino acids generate
succirvl  CoA which are anaplerotically replenish the intermediates of

TCA cycle.



Rolesof BCAA in health and disease:

It is interesting to note that BCAA play a dua role in human health -
i.e., they are implicated in the aetiology of diseases such as maple syrup
urine disease and aso involved in the therapy of certain diseases such as
hepatic encephal opathy.

In nlaple syrup urine disease (MSUD), a congenital disorder of
BCAA metabolism, activity of BCKA-DH is lower or defective in its func-
tional activity in patients than normal subjects. As a result, BCKA formed
during the transamination reaction, accumulate and exert toxic effects.
BCKA, in large amounts are known to suppress the oxidation of pyruvate
and a-KG. Under these conditions, BCKA also undergo transamination
with aromatic amino acids, especialy with  phenylalanine, to form
compounds such as phenyl pyruvate. Patients with MSUD exhibit various
neurological symptoms including mental retardation (Nyhan, 1984).

In conditions of hepatic encephalopathy, surgical trauma and sepsis,
BCAA were shown to have beneficial effects. In the conditions of hepatic
encephalopathy, due to imbalance of insulin/glucagon ratio, blood levels of
BCAA are decreased while those of aromatic amino acids (AAA) are ele-
vated (Fischer and Baldessarini, 1976) This adversdly affects the cerebral
functioning as both BCAA and AAA are transported across BBB by the
same carrier. Due to the increase in the AAA concentration in blood, these
amino acids are transported in large amounts in brain. Ultimately, ther
concentration exceeds the Km of the hydroxylases for tyrosine, phenyl-
alanine and tryptophan. Under such conditions, these amino acids are
directly decarboxylated to form aromatic amines such as octopamine and
phenyl ethylamine. These aromatic amines act as fase neurotransmitters

and displace the biogenic amines such as catecholamines from their nerve



terminals. Moreover, when released, they bind to the receptors of
monoamines and mimic their action. These effects of fase neurotrans-
mitters are supposed to involve in the aetiology of cerebral dysfunction of
hepatic encephalopathy. Keeping this mechanism in view, it was suggested
that normalization of plasma levels of BCAA and restoration of ratio of
BCAA/AAA would have beneficid effects. Indeed, such beneficial effects
were observed upon the infuson of BCAA to patients with hepatic
encephalopatliy. (Fischer and Baldessarini, 1976). Some investigators
suggested that infuson of BCKA would be more beneficia than BCAA as
it reduces the amino acid load on the tissue and promotes the synthesis of
glutamate and glutamine (Walser, 1978; Fischer, 1981; Egbertset a., 1981
Blackburn ¢t a., 1981; Freund et al., 1981). However, controversia results
are reported in latter studies.

TissueMetabolismof BCAA:

Transport asa prerequisitefor metabolism:

As 1t was mentioned earlier that, BCAA are essential amino acids
and are not synthesized in animal tissue. Hence, transport of these amino
acids from the systemic circulation into various tissues is the sole
mechanism for their availability to tissues. Survey of literature indicated
that BCAA are transported into various tissues, including brain, by a
carrier mediated mechanism which is common for amost al the tissues.
However, the affinities and rates of transport of these carriers differ in
different tissues. These amino acids are transported by a neutral amino acid
carrier that transports not only BCAA, but also other neutral amino acids
such as tyrosine, phenylalanine, glutamine with different affinities and

: ]
rates (Sershantq ajtha 1979, Christensen & Cullen969). This transport system
cadled L-system (leucine preferring system) is a non-concentrative,



Saturable transport  system that maintains a dynamic equilibrium between
blood and tissue levels of these amino acids (Pgjari, 1984).

Literature on hepatic transport of neutral amino acids, especially
BCAA is not abundant due to the nature of the transport system.
Studies on neutral amino acid transport in liver indicated that the carrier
has very low affinity when compared to other tissues and requires very
large amounts of amino acids to saturate the system (>100 mM)
(Pardndge et a 1975). Moreover, this system is characterized by the
absence of competitive inhibition among these amino acids (Mortimore, et al.,
1972). As the amino acids derived from the diet are transported directly
to portal blood, it was suggested that the portal blood is rich in severd
neutral amino acids including BCAA. However, their concentrations in the
portal blood rarely reach to the level where it can saturate the liver carrier.
Hence. in norma physiologica conditions, BCAA transport into liver
would be minimal as the carrier sites are never saturated. This would ensure
minimal metabolism of BCAA in liver and acts as an additional regulatory
mechanism to provide adequate amounts of BCAA to extra-hepatic tissues.
Lack of competitive inhibitions by other neutral amino acids is aso
meaningful as such high concentrations of amino acids are not achieved (in
portal blood) usualy and the catabolism of neutral amino acids is known to
occur primarily in liver (Lehninger, 1981) . Moreover, transamination is the
rate limiting reaction in liver. However, the second enzyme in the
metabolism of BCAA i.e, BCKA- dehydrogenase was found to be
highly active in liver. Hence, the keto acids produced in extra-hepatic
tissues (large amounts from muscle) will be released into the blood. In
liver, they are transported into mitochondria by a dicarboxylic acid carrier

which aso transports other keto acids such as pyruvate and o-KG (Makay



and Robinson. 1981) Since liver depends on other tissues, especialy
muscle, for the supply of BCKA. inter-organ interaction exists among liver
and other extra hepatic tissues (Harper and Zapalowski, 1981). Accord-
ingly. BCKA levels in blood would regulate the metabolism of BCAA in
liver. In other woids. higher levels o1 3¢ KA 11 blood (due to increased
transamination in periphera tissues) would stimulate the BCKA oxidation
in liver. This is essential as the accumulation of BCKA in blood was found
to exert deleterious effects.

Transport of BCAA and other neutral amino acid into muscle was
reported to be mediated by a low &ffinity high capacity system as evi-
denced by the studies using a-aminoisobutyric acid, a marker for the low
affinity  transport system (Christensen, 1969, Guoff et al., (1962)
reported no mutual inhibition of BCAA transport in muscle in the presence
of large doses of aromatic amino acids indicating non-competitive nature
of transport. This may have a physiologica significance as muscle is the
dgte for initiating the catabolism of BCAA but not other neutral amino
acids. It might enable muscle to transport and utilize BCAA even when
their concentrations are low in blood plasma. This is particularly important
in conditions where relative concentrations of these of amino acids in
blood plasma are altered, e.g. hepatic encephalopathy.

In kidney, neutral amino acids were found to be transported by low
affinity high capacity transport systems (Christensen and Cullen, 1969).

As mentioned earlier, BCAA are transported into brain across Blood
Brain Barrier (BBB) by a neutral amino acid carrier. The physiological and
pathological significance of such a transport has been already mentioned.
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Enzymes of BCAA metabolism :

Initial reaction in the metabolic breakdown of BCAA is the transfer
of amino group from BCAA to another keto acid usuadly a-KG. This
process is mediated by BCAA-aKG aminotnuisferase (BCAA-T) wherein
the amino group of BCAA 1s transferred to a-KG. As a result, BCAA will
be converted to their corresponding a-keto acids and a-KG becomes glu-
tamate. Besides a-KG, pyruvate can aso act as an amino group acceptor to
become alanine at least in in vitro assay conditions. However, the affinity
for pyruvate was reported to be lower than that of a-KG (Benuck et al.,
1971). Thus a-ketoisocaproic acid, («-KIC), a-keto-f3 methyl valeric acid
(aKMV) and w-ketoisovaleric acid (a-KI1V) are generated from leucine,
isoleucine and valine respectively (Lehninger 1981). As any other trans-
amination reactions, this also requires pyridoxal-5-phosphate as a cofactor.
BCAA-T is both cytosolic and mitochondrial (Cooper and Meister, 1985).
Earlier studies on this enzyme indicated that it is present in dl the
tissues including brain (Roswell, 1956; Manchester, 1965; Ichihara et d.,
1981). Activity levels of this enzyme in brain were higher than that of
skeletal muscle and liver and lower than heart and kidney (Taylor and
Jenkins, 1966; Ichihara and Koyama, 1966; Ichiharaces981). Though
activity levels of this enzyme is low per unit mass of the muscle, total con-
tribution of muscle to BCAA-t is very high as muscle represents 90% of the
tissue mass in the total body. Activity levels of this enzyme were lowest in
liver (Krebs 1972). Three isozymes of BCAA-T have been
reported. Isozyme-l is present in al animal tissues but remarkably low
in |iver. Isozyme-1ll was reported to occur only in brain and placenta
while the 1sozyme-1I is exclusively present in liver (Ichihara et d.,

1973). lIsozymes-I and IlI were observed to catalyze the transamination



of dl the three BCAA while 1sozyme-Il was specific for leucine. This
enzyme was found to be regulated through dietaily and honnonal changes in
liver, hence it was suggested to be a rate limiting enzyme in liver (Krebs,
1972).

Branched-chain keto acid dehydrogenase complex (BCKA-DH) is
the next enzyme involved in the degradation of BCAA. This enzyme cata-
lyzes the irreversible decarboxylation of branched chain keto acids
(BCKA). This enzyme requires CoA, NAD" and thiamine pyrophosphate
(TPP) as cofactors. It mediates C-1 decarboxylation of dl the three BCKA
resulting the production of branched-chain ketoacyl CoAs with one carbon
aom less than the BCKA. Decarboxylation of BCKA is mediated by the
single enzyme complex which is present in dl the mammadian tissues
(Parker and Randle, 1978; Petit et a., 1978; Danner et d., 1979). Activity
of this enzyme has been reported to be highest in liver and lowest in muscle
(Shinnick and Harper, 1976). Based on the enzyme profiles in various
tissues, it was proposed that this enzyme would be rate limiting in all
extra-hepatic tissues while in liver, the rate limiting enzyme was
BCAA- transaminase. Hence, it was suggested that BCKA produced
especialy in muscle would be transported to liver for further metabolism
(Shinnik and Harper, 1976). It has been reported that 91% of total activity
of BCKA-DH was found in liver, about 6% in kidney, 1.3% in brain and
0.2% in heart (Wohlhueter and Harper, 1970).

BCKA-DH, is a multi-enzyme complex and is similar to that of
pyruvate and a-KG dehydrogenases complexes in its structure and function
(Ischiwaka et al., 1966, Petit et a., 1978). It is locaized in inner mem-
brane of the mitochondria, consists of three subunits, a decarboxylase

(Ejcomponent), an acyltransferase (E2 component) and a dihydrolipoamide



dehydrogenase (E3) component E2 and E3 are common for PDH and &
KGDH and are supposed to be shared by al three enzymes (Randle, 1983).
The E, serves as a core of the complex on which E; and E3 are
arranged. BCKA-DH requires Ca® and Mg* for its optimum activity as
both Ca*Yand Mg™ *ight be required for the activation of loosely bound
phosphatase (Patel and Olson, 1982). In addition, an intrinsic kinase and a
loosely bound phosphatase are also reported to be present along with the
enzyme. These two respectively phosphorylate and dephosphorylate the E1
component of the enzyme complex. BCKA-DH was reported to be
activated and inactivated by phosphorylation and  dephosphorylation
respectively (Danner et a., 1979). BCKA-DH activity was aso shown to
be regulated by feed back inhibition by the end products of BCAA such as
acetyl CoA and succinyl CoA. Under i vivo conditions, its activity was
reported to be regulated by ratio of NAD to NADH (Randle et al., 1981).
Johnson and Conelly (1972) reported that this enzyme was also inhibited
by ATP and activated by ADP.

Kinetics and mechanism of action of BCKA-DH were found to
be similar to that of PDH and u-KGDH. Oxidative decarboxylation of
BCKA is achieved in four distinct reactions mediated by decarboxylase,
acyltransferase and dehydrogenase, thus producing branched chain acyl
CoAs with one less carbon atom than that of BCKA.

R.CO.COOH + TPP-E;— (R.C.OH) . TPP-E{ + CO4
(R. C. OH). TPPE, + (Oxidised Lipoate) . Ey <> TPPE; + (R.CO.hydrolipoamide). E

(R. CO. hydrolipoamide). Ey + CoA > R. CO. CoA + (dihydrolipoyl). E,

“ (dihydrolipoyl). E9 + NAD. E3 <> (oxidised lipoate). E; + NADII2.E3

Subsequent enzymatic reactions involved in BCAA metabolism

have not been investigated in detail in animal tissues. However, the end



products of BCAA catabolism were identified to be acetyl CoA (generated
from leucine and isoleucine) and succinyl CoA (isoleucine and valine).
These products enter into TCA cycle and subsequently generate energy.
In addition, end products of BCAA catabolism are also involved in synthe-
sis of polar and non-polar fatty acids (Stillway et al., 1977, 1978, Polgar
et al., 1971; Dopeshwarker et al, 1979).

Much of the work on tissue metabolism of BCAA has been done in
liver and muscle. Inter-organ interactions in the BCAA metabolism between
muscle and liver has aready been described (cf. glucose-alanine cycle).

Very few reports are available on the metabolism of BCAA in other
tissues such as heart, kidney and diaphragm. Activity levels of BCAA-
aminotransferase was found to be higher in heart and kidney than in liver
and muscle (Ichihara and Koyama, 1966). BCKA dehydrogenase activities
in these tissues were aso reported to be as high as liver (Harper & Zapalowski
1981). In heart, BCKA-DH activity was found to be inhibited by clofibric
acid and this inhibition was due to inactivation of BCKA dehydrogenase
kinase (Paxton and Harris, 1982). Hormonal influences on the metabolism
of BCAA was studied in isolated rat heart and diaphragm (Buse et 4.,
1973). They reported that, epinephrine and glucagon markedly stimulated
the oxidation of BCAA in both heat and diaphragm during fasting
and this stimulation was found to be suppressed in presence of pyruvate.
Cerebral Metabolism of BCAA :

Literature available on this aspect is very scanty. The earliest
report on the cerebra metabolism of BCAA was that of Schepartz (1963)
who reported that brain has capacity to oxidize BCAA. This was later
confirmed by Swaiman and Milstein (1965); Roberts & Morelps( 1965);
Odessy and Goldberg (1972); Shinnik and Harper (1976), Chaplin et al.,
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(1976) and Brand, (1981); Jessy and Murthy, (1985, 1988 i. '; Murthy and
Hertz, (1987a, 1987b), Jessy (1988); Jessy and Murthy (1989, 1993). It
has ceen shown that oxidation of leucine accounts for 4-10% of total
CCb produced in brain (Brand, 1981). Patel and Balazs (1970) reported that
the primary metabolic fae of BCAA in brain is its incorporation into
proteins. However, studies of Chaplin et a., (1976) indicated that the pro-
duction of CCb from leucine was found to be 23 times higher than its
incorporation into proteins. Cremer et a., (1975) demonstrated that the
carbons of BCAA were also incorporated into glutamate family of amino
acids while Yudkoff et a., (1983) reported that the nitrogen of BCAA
were aso incorporated into glutamate family of amino acids which
accounts for 30% of total glutamate synthesized by brain. Extensive studies
on BCAA metabolism in brain have been carried out by Jessy (1988). She
reported that the activities of BCAA-T was higher in brain sem than
other regions. She aso carried out studies on the sub-cellular and cellular
distribution of BCAA-T and reported that the activities of BCAA-T were
highest with isoleucine as a substrate in synaptosomcs, mitochondria and
cytosol while the activities of the same were highest in astrocytes followed
by n:urons and oligodendroglial cells. Activities of BCKA-decarboxylase
in sub-cellular and cellular preparations showed no substrate specificity .
Studies carried out by her clearly indicated that metabolism of BCAA occur
in dl the three mgor cel types Viz., neurons, astrocytes and
oligodendrocytes. In addition she also conducted studies on the oxidation of
BCAA in different cell types and also in nerve tenninals and non-synaptic
mitochondria and reported that BCAA are oxidized in al these preparations
with highest oxidation being found in astrocytes. Interestingly she reported
that the production of BCKA was considerably higher than the rate of their



oxidation and excess BCKA do not accumulate in the cell but are
transported out. Murthy and Hertz (1987a, 1987b) studied the oxidation of
BCAA in primary' cultures of neurons and astrocytes under acute and
chronic ammonium acetate treated cultures.

Studies of metabolic compartmentation indicated that BCAA  are
primarily metabolized in glid cels (Cremer et al., 1975). However,
Chaplin et a., (1976), Wiggins et a., (1979) and Buse & Reid (1975) indi-
cated that neuronal preparations have the capacity to oxidize BCAA.
This was further supported by Jessy (1988), Jessy and Murthy (1989)
Murthy and Hertz, (1987) who demonstrated the oxidation of BCAA in
neuronal perikarya, synaptosomcs isolated from adult rat brain and in pri-
mary cultures of neurons. These authors also demonstrated that the rate of
BCAA oxidation in primary cultures of astrocytes and in astrocytes isolated
from adult rat brain were much higher than neurons.

Studies were aso conducted on the incorporation of BCAA
carbons into cerebral lipids. Stillway et a., (1978), Dopeshwarker et
al, (1979) demonstrated the incorporation of carbons of BCAA into dif-
ferent classes of cerebral lipids.

Survey of literature on the cerebral metabolism of BCAA under
pathological conditions indicated that studies were mostly conducted in
hepatic encephalopathy of various aetiologies. Cremer et al., (1975) ob-
served an increased incorporation of the label from BCAA into glutamate
family  of amino  acids under hyperammonemic conditions and
suggested an increase in the metabolism of BCAA under these condi-
tions. Murthy and Hertz (1987) reported that chronic exposure of ammo-
nia to the primary cultures of neurons and astrocytes enhanced the

production of 14C0O» from [U-14C] leucine and abolished the suppressive
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effects of ammonia on 4C0O production. Jessy and Murthy (1985), re-
ported that the transamination of BCAA was enhanced in hyper-
ammonemic conditions and they suggested enhanced transamination of
BCAA might replenish glutamate pool involved in the synthesis of glu-
tamine there by excess ammonia might be detoxified.

Jessy (1988) extensively studied the metabolism of BCAA in
norma and hyperammonemic conditions. Results of her study indi-
cated that the transamination of BCAA was enhanced under hyper-
ammonemic conditions in homogenates of 6 different regions of rat brain
and in various sub-cellular preparations such as synaptosomcs, mitochon-
dria and cytosol, while the same was decreased in neurons, astrocytes
and oligodendrocytes. BCKA decarboxylase activities were found to be
elevated under these conditions in cellular as wel as sub-cellular
preparations. Transport of BCAA into synaptosomcs, mitochondria, neu-
rons and astrocytes were found to be enhanced under hyperammonemic
states. Production of 14CO», an intermediate in the metabolism of BCAA
was found to be suppressed under hyperammonemic conditions in al the
cellular and sub-cellular preparations.

The above information on the metabolism of BCAA in bran
suggest that brain is one of the extra-hepatic tissues capable of oxidizing
BCAA. Though studies have been caried out on the metabolism of
these amino acids in brain, most of the work is related to alterations in
pathological conditions. However, no studies have been performed on

this aspect under brain development and aging.

Many biochemical changes are expected to occur during the

growth, development and aging of an animal. Metabolic demands of the
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organs might not be uniform during the entire life span of an organism. For
example, the energy demands of the anima will be very high daring
growth and maturation stages for proper development and functioning
of different organs  As the animal reaches adulthood, most of the growth
and development will be completed and most of the energy might be
utilized for the maintenance of the organs to function efficiently and a
new steady state will be attained in the metabolism of various substrates.
As the aging progresses, especialy to the terminal stages of life, efficiency
of different organs gradually declines as a result of which, the turn
over and metabolism of various active substrates might also be altered.
Hence, during entire life span, the metabolism of a particular substrate
might be modulated according to the age dependent functions and
requirements and also to the conditions under which the animal survives.
Aging :

Aging is a multi-factorial phenomenon, associated with a gradual
decline in the norma performance of the organs with a concomitant loss
in the genetic, biochemical and physiological mechanisms of the cell
(Shock, 1962). Aging has been a subject of interest and speculation to
biologists not only as an academic curiosity but also due to its socia and
ethica implications. During the last 3 decades, research on aging and age
associated disorders has progressed to a considerable extent in many
modern ways. However, the causes and effects of aging is still a subject
of debate and discussion. This might be due to the universality of the
aging process in every cdl that constitutes an organ and as such it tanta-
lized biologists and led to the formulation of multiple theories. Of the
biological theories of aging, "Error Catastrophe Hypothesis' of Orgel
(1963), Gene Regulation Theory (Kanungo 1975), DNA Repair Theory



(Hart and Setlow, 1974), DNA Damage Theory (Gensler and Bernstein,
1981) have attracted considerable attention. In addition to the genetic
theories, Free Radical Theory has aso been able to explain the mechanism
of aging process to certain extent (Harman, 1981). These theories are
briefly discussed in the following section.

Error CatastropheHypothesis :

Orgel (1963), suggested that the progressive decrease in the accu-
racy of protein synthesis might be one of the factors contributing to
the process of aging. He suggested that metabolic errors are natural and
inevitable athough most of them are unlikely to be important. However,
some might lead to further errors in the protein synthetic machinery. For
example, any error in coding information in DNA for a particular
MRNA would lead to synthesis of defective mMRNA populations and as a
result of which the proteins synthesized from that particular mRNAs
might behave abnormally.

In addition to this, DNA aso contains the information for the pro-
duction of ribosomal RNAs and transfer RNAs and some of the proteins
which are part of the trandational machinery (e.g. ribosomal proteins,
RNA polymerase involved in transcription, and the amino acyl tRNA syn-
thetase etc.,). Any alterations in coding of mRNAs for these proteins might
aso lead to cumulative errors in the synthesis of target proteins that
might lead to the catastrophe of the cells.

GeneRegulation Theory of Aging:

" Studies of Kanungo et al., (1976-till to date) on the biochemistry
and molecular biology of aging process lead to the genetic theory of
aging. They extensively studied the induction of enzymes, structural

and functional changes in chromatin and expression of genes responsible



for aging (Chainy and Kanungo, 1978, Chaturvedi and Kanungo, 1985a
and 1985b, Das and Kanungo, 1982, Kanungo, 1975). Their earlier
studies indicated that enzymes of neurotransmitter synthesis such as
choline acetyl transferase, (involved in the synthesis of acetylcholine),
pyruvate kinase, (involved in energy metabolism) were found to be reduced
in rats of older age groups. Severa proteins responsible for either synthesis
or functioning the neurotransmitters in brain such as tyrosine hydroxylase
(for the synthesis of dopamine), B-adrenergic 1eceptors were found to be
reduced in rats of older age groups.

Significant changes in the chromatin were also reported by these
investigators. These changes include the 'ncreased compaction of the
chromatin due to tight association of the histones to the DNA thus prevent-
ing the transcription and trandation process. Increased methylations in
the DNA isolated from older brains were aso noticed (Rath and Kanungo,
1989).

Reduced expresson of Nerve Growth Factor (NGF) an important
protein in the nervous sysem was due to increased methylation of the
gene for the synthesis of the same (Kanungo, 1980). These changes in
some of the genetic factors were suggested to be responsible for the
deviation from the homeostasis functions of an organism and ultimately
aging.

DNA Repair and Damage Hypothesis:

Both DNA repair and DNA damage theories proposed by (Hart
and Setlow, 1974; Gender and Bernstein, (1981) respectively, may be
combined into a single theory. This theory suggests that DNA damage
might occur due to endogenous and exogenous factors which result in loss

or modifications of DNA base pairs, production of mismatched base pairs,
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grand breaks, DNA-DNA cross links and cross links between DNA
and other cellular constituents (Friedberg, 1990; Bernstein and Bernstein,
1991). Many of these modifications seem to be deleterious to the cell.
Endogenous damage to DNA might be due to the constant hydrolysis of
DNA base pairs leading to depurination and deamination of the base
pairs (Lindhal and Nyberg, 1972). Moreover, free radica damage of the
DNA is aso a potentia factor in the DNA damage. During old age,
there would be excessive generation of free radicals in norma course
of metabolic reactions. This is due to reduced antioxidant mechanisms.
Free radicals act on the DNA and produce a variety of adducts (Harman,
1981). These changes in the structure and intactness of the DNA might
in turn lead to the atered structure and function of chromatin during aging.
In fact, such changes in the atered chromatin structure were reported to be
responsible for reduced transcriptional abilities in the nuclei of neurons
and astrocytes isolated from older rats (Venugopa and Rao, 1991).
Recently, Bhaskar and Rao (1994) reported increased single and double
strand breaks in DNA of neurons and astrocytes isolated from older
rats when compared to the younger age groups. They suggested that the
increased strand breaks were indicative of increased DNA damage in older

age groups.

Free Radical Theory of Aging :

Free radicals generated during the process of normal metabolic
reactions, escape anti-oxidant mechanisms during old age (due to reduced
activities of the enzymes of xenobiotic metabolism), and damage the intra-
cellular components such as DNA and RNA. In addition to this, these free

radicals also act on and inflict damage in the cellular membranes (Harman,



1981). Such changes might ater the lipid compositions (increased chole-
sterol and decreased phospholipid content) of the membrane. This might
affect the orientation of the proteins present on the membranes and alter
the physico-chemical properties of the membranes such as fluidity and
viscosity. These changes in turn lead to atered biochemica functions such
as transport of metabolites across the plasma membranes. In fact, such
aterations in the transport of amino acid neurotransmitters such as glu-
tamate and GABA were reported (Strong et al., 1984).

Biochemical Changesin Aging :

Literature surveyed and incorporated here so far on the aging indi-
cated that genetic factors greatly influence the process of aging. These
changes in the genomic organization would obvioudy lead to alterations in
the normal biochemical functions of the cell during aging. This could be
due to changes in the structure and functioning of DNA which might
lead to alterations in the protein synthesis as a result of which many bio-
chemical functions such as protein synthesis, neurotransmitter functions,
energy metabolism would be altered in brain. Survey of literature on these
parameters are described here briefly.

Aging and Protein Synthesis :

Protein synthesis, an important constitutive biochemica process
was reported to be reduced during aging by more than one mechanism.
Reff , (1985) reported a decrease in the rates of RNA and protein
synthesis while Petricivic et al., (1983) reported a decrease in the total
RNA content in aged rat brain. Yarannd et al., (1977) reported decrease
only in mRNA levels without any changes in the other RNA species.
Seismi et al., (1982) reported a 26% reduction in polyA* mRNA in cerebral
cortex of older age groups of rats. Trandational abilities of different mRNA



species were also reported to be reduced in older rats and decreased pro-
tein synthesis in aging was suggested to be due to decreased aggregation
of ribosomes into polysomes, a pre-requisite for trandation. All these
studies, suggested that during aging, functiona efficiency of cellular syn-
thetic machinery might be decreased which would eventually decrease the
synthesis of various macromolecules.

Aging and Neurotransmitter Functions:

Aging is known to decrease the neurotransmitter functions in brain.
This was reported to be due to both reduced activities of the enzymes
responsible for the synthesis of the transmitter substances and alterations
in the membrane receptors. Activities of tyrosine hydroxylase and
dopamine hydroxylase (for the synthesis of biogenic amines such as
dopamine, noradrenaline and adrenaline), catecholamine O-methyl trans-
ferase, choline acetyl transferase (for the synthesis of acetyl choline) were
reported to be reduced during aging (Lloyd et a., 1972; McGeer and
McGeer, 1975, 1976, James and Kanungo, 1976, 1978).

Changes in the receptor density, affinity and its functional coupling
with the ligand were also reported to be altered during aging. Decreased
receptor densities for severa neurotransmitters such as dopamine, norepi-
nephrine, GABA were reported in aging (Memo et al., 1980; Govoni et
al., 1980).

Aging and Energy Metabolism:

Age associated changes in the energy metabolism were aso
reported in brains of different animal species. Rapoport et al., (1982)
reported a biphasic response in regional cerebral metabolic rates for
glucose. The metabolic rate increased between 1 month and 3 months in

rats and declined between 3 and 12 months old age and remained constant



a that level up to 24 months age. Smith et al., (1980) reported a 25%
reduction in the glucose utilization in cerebral cortex of 24 months old
rats and this was more pronounced in other brain areas. Hoyer v
(1981) reported cerebral glucose utilization decreased 15 times in rats
between 6 and 12 months age and no further changes were observed in
later age groups. They also reported a decline in the levels of glucose,
glucose-6-phosphate, pyruvate, lactate. malate, creatinine and ATP levels
while ADP levels were reported to be increased in brains of older age
groups of rats. Pate (1977) reported a diminished oxidation of glu-
cose (by 40%) in cerebra cortex of rats aged 24 months. Decreased
activities of LDH, MDH in older rat brains were reported. Iwangoff et
al., (1979) reported a moderate decline in the glycolytic enzymes in differ-
ent regions of rat brain during aging. Taken to gather, dl these changes
suggest that cerebral energy metabolism might be reduced at least
moderately if not completely.

Aging and Lipid metabolism :

It has been well reported that lipid composition of brain undergoes
distinct changes during growth, development and aging due to the struc-
tural changes in the nervous system. Quarto et a., (1964) reported an
increased cholesterol, phosphoiipid and cerebroside contents in rat brain
during aging while Norton and Poduslo (1973) reported decrease in
phosphotidylcholine and increase in plasmalogens during aging. Cere-
brosides, a mgor component of myelin were reported to be decreased in
aging rat (Horrocks, 1973). Singh and Rao (1979) reported an increase in
the total lipid, cholesterol, glycolipids and phospholipids as a function of
age in chick cerebrum and cerebellum. They aso reported increase in

the individual glycolipids such as cerebroside, sulphatide and  phospho-
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lipids such as phosphotidylcholine, phosphotidyl ethanolamine, phospho-
tidylserine in aged chick brain. Studies on the synaptic membrane lipid
composition in different age groups of rats indicated decrease in phospho-
tidylcholine and an increase in ethanolamine plasmalogen and phospho-
tidyl ethanolamine levels (Hitzemann and Johnson, 1983). Increased
cholesterol content in the synaptosomal membranes isolated from the older
rats was reported by Nagy et al., (1983). They suggested that these
changes in the lipid compositions on the cerebral membranes might be
responsible for the altered membrane properties.

The above information confirm alterations in the cerebral bio-
chemical mechanisms during cellular aging.

Aim and Scope of the Present Investigation :

Presently, studies were carried out on BCAA metabolism in various
cerebra preparations such as neuronal perikarya and  astrocytes,
synaptosomcs and non-synaptic mitochondria. The rationale in selecting
these two celular preparations is obvious as the structure, function and
metabolism of neurons and astrocytes are different. Due to inherent
differences in the metabolic requirement, it is envisaged that metabolism of
BCAA will aso be different in these two maor cdl types of brain. The
term neurona perikarya is assigned to neuronal cell preparations which are
devoid of processes such as axons and dendrites. Astrocytes prepared in
the present investigation retained their cellular processes. Although
there are different neurona cel types in brain, in the present study
pyramidal cells were predominant over other neuronal cell types. Similarly,
protoplasmic astrocytes were dominant glid cell types. While studying
neuronal preparation a clear distinction was made between neurona

perikarya and nerve terminals despite the fact that these might be compo-



nents of the same cdl type. Such distinction became essential due to the
functional hcterogeneity in these two cellular compartments. Neuronal
perikarya are chiefly involved in the reception of the nerve impulses
while nerve terminals are involved in the onward transmission of
impulses. Such functiona heterogeneity implies an inherent structural
heterogeneity. This is evident from the fact that nerve terminas have
specialized structures (synaptic vesicles) for storage and release of
neurotransmitters while neurona perikarya are devoid of such struc-
tures. Besides structura heterogeneity, functiona heterogeneity is always
associated with biochemical heterogeneity. This is evident from the fact
that nerve terminals are enriched with the biochemica  systems
required for the synthesis, storage, reception and inactivation of neuro-
transmitters. Hence, it is not surprising to assume that metabolism of
BCAA would be different in these two different preparations belonging
to the same cdl type. The term non-synaptic mitochondria refers to the
mitochondria present in the neurons (excluding nerve terminals), astro-
cytes and other cdl types in brain. Mitochondria (both synaptic and
non-synaptic) are supposed to be sites for the oxidation of BCAA as the
rate limiting enzyme i.e, BCKA-DH is primarily a mitochondrial
enzyme. In addition, the TCA cycle enzymes which are involved in the
oxidation of acetyl CoA and succinyl CoA, generated from the BCAA,

are also mitochondrial.

In the present investigation, studies were carried out on the trans-
port and metabolism of BCAA in the above said cerebral preparations
isolated from three different age groups. Studies on the transport are
essential as this is the only mechanism through which cellular pools of

BCAA are constantly replenished (besides endogenous proteolysis). More-



26

over, dterations in the transport can afect the further metabolic fate of
BCAA in brain. A comparison was aso made between mitochondrial
transport of BCAA and that into other cdl types (neurons, astrocytes) and
nerve terminals. This is essential as the latter three preparations are
endowed with plasma membiane which is in direct contact with the
externa milieu while the mitochondria are always in contact with cellular
cytoplasm but never with externa environment. These differences in mem-
brane micro environment might influence the transport of nutrients across
these two membranes.

Besides transport, studies were aso conducted on the metabolic
fae of BCAA. These include production of keto acids from BCAA (first
reaction of BCAA metabolism) and production of CO> from BCAA (the
find stage of BCAA metabolism). In addition, incorporation of carbons
from BCAA into other amino acids especialy glutamate was studied as
this congtitutes an alternate fate for the carbons of BCAA. In addition to
this, studies were also carried out on the incorporation of BCAA carbons
into cerebral lipids. These studies were aimed to fill the lacuna in the

knowledge of age associated changes in BCAA metabolism.
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Chemicals :

Acetylated trypsin, adenosine triphosphate (ATP), aanine, 2-
amino-2-norborane carboxylic acid, bovine serum abumin, 2,5-diphenyl
oxazole (PPO), glutamate, glutamine, y-aminobutyric acid, N-[2-
hydroxyethyl])piperzine-(N-[2-ethanesulfonic  acid]) (HEPES), hyamine
hydroxide, imidazole, L-1soleucine, a-ketoglutarate, a-ketoisocaproic acid,
a-keto-B-methyl valeric acid, a-ketoi so valeric acid, p-leucine, L-leucine, 1-
4-big[5-phenyl-2-oxozolyllbenzene  (POPOP),  pyndoxyl-5-phosphate,
soybean trypsin inhibitor and L-valine, were purchased from Sigma
Chemical Co., MO, USA. Ficoll-400 was purchased from Pharmacia Fine
Chemicals, Sweden. Ninihydrin was purchsed from Fluca Biochemicals,
Switzerland. Rest of the chemicals used were reagent grade and were
localy  purchased. [?H]-leucine (12 Ci/mmole), [3H]-isoleucine (9.2
Ci/mmole), [U!4C]-leucine (282 mci/mmole), [U!4C]-isoleucine (180
mci/mmole), [U14C]-valine (180 mci/mmole) were purchased from Bhaba
Atomic Research Centre, Bombay, India [3°S]-methionine (1017
Ci/mmole) was purchased from American Radiolabelled Chemicals. Inc.
St.Louis. MO, USA. Monofilament nylon screens were purchased from
Nybolt Co., Zurich, Switzerland.

Animals :

Inbred albino rats of Wistar strain were used through out this study.
Animals belonging to different age groups were maintained under natural
light and dark cycles (12 hr light and 12 hr dark) in groups of 4-6 in a cage
a 21z 2°C. Food (balanced pellet diet supplied by Hindustan lever Ltd.,
India) and water were provided ad libitum.

Cerebral Cannulation :

To study the in vivo incorporation of [3H]-leucine into cerebral
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lipids, cerebral cannulation was done to rats of 30, 90, and 750 days old.
However, in 10 day-old rats, [3H]-leucine was directly injected into the
brain as described by Dopeshwarker et d (1979). Rats of other age groups
were anesthetized with an intraperitoneal injection of sodium pentobarbi-
tone (40 mg/kg body weight; dissolved in saline). A middle line incision
was made on the skull a the parietal region (near bregma) and the skull
was exposed. A burr hole was made at the parietal region (2 mm left to
bregma) with a dental drill. A 22 gauge stainless stedl cannula of suitable
length was implanted. The cannula was fixed to the skull with dental
cement and the incison on the skin was sutured. Tip of the cannula was
sedled with parafilm till the commencement of the experiment. Rats were
alowed to recover from the surgica stress for 72 hr. All the surgica
operations were done under strictly sterile conditions in a laminar flow
hood. [*H]-leucine (5 uCi/kg body weight) was injected with a Hamilton
syringe through the cannula

Preparation of Homogenates :

Immediately after decapitation, brains were removed from crania
vault and transferred into ice cold saline. They were gently pressed between
two wet filter papers (Whatman No. 1) to remove excess of water and
meninges. Different regions of the brain (cerebral cortex, cerebellum,
brain stem, hippocampus and striatum) were quickly dissected out . A 10%
or 20 % (w/v) homogenates of different regions was prepared in 0.32 M
sucrose using a motor driven Potter- Elvehjem homogenizer with Teflon
pestle at 800 rpm with 6-8 up and down strokes at 0°-2°C. Homogenates
were either directly used for enzyme assays or used for the isolation of

sub-cellular preparations such as synaptosomcs and mitochondria.
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| solation of Synaptosomcsand Mitochondria:

Synaptosomcs and mitochondria were prepared from the cerebral
cortex of rats of 3 different age groups Viz . 1 month, 3 months and 24
months, by the methods of Cotman (1974) as described by Rao and
Murthy, (1991). Cerebra cortex was isolated as described above and
homogenized in 0.32 M sucrose to obtain a 10% homogenate (w/v).
Homogenates were centrifuged at 1100 x g for 5 min to obtain a pellet
(Py) consisting of broken cells, cell debris, crude nuclei and blood
capillaries. Supernatant obtained (S;) was again centrifuged at 21000 x g
for 15 min to obtain a pellet (P>) containing synaptosomcs, mitochondria
and myelin. This pellet was suspended in a smal volume of 0.32M
sucrose and layered on top of a pre-formed discontinuous Ficoll density
gradients (consisting of 10 ml each of 4%, 6% and 13% Ficoll-400
dissolved in 0.32 M sucrose) and centrifuged at 63,500 x g for 45 min
Thisresulted in the separation of mydin (4% Ficoll layer), synaptosomcs
(at the interphase of 6% and 13% Ficoll) and mitochondria (pellet). Myelin
was discarded and the synaptosomcs were carefully aspirated with a
Pasteur pipette and diluted with 5 volumes of 0.32 M sucrose. This
was centrifuged at 21000 x g for 30 min. The find pellet was suspended
in (Krebs-Ringer-HEPES-phosphate-glucose medium pH 7.4 supplemented
with 110 mM sucrose) and used for biochemical studies. All the
centrifugations were carried out a 2°- 4°C in a Beckman J2-21
refrigerated centrifuge and density gradient centrifugations were done in
Beckman L8-80M ultracentrifuge using SW-28 rotor.
| solation of Neuronsand Astrocytes:

Astrocytes and neurons were isolated from the cerebral cortex of

rats of 3 different age groups viz., 1 month, 3 months and 24 months, by
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the method of Farooq and Norton (1978) as described by Rao and
Murthy (1992). Cerebral cortex was isolated as described above. Each
half of the cortex was made into small pieces using sterile surgical blade,
washed with cell-isolation medium (8% glucose, 5% fructose, 2% Ficoll-
400 in 10 mM KH>PO4 -NaOH buffer (pH 6) and transferred into
Erlenmeyer flasks. Incubation was carried out in constant shaking water
bath in 5 ml of cell-isolation medium containing acetylated trypsin (0.1%
find concentration) a 37°C for 45 min with continuous oxygenation.
After incubation, the flasks were transferred to an ice-bath and the slices
were alowed to settle down. The medium was decanted and an equal
volume of cdl isolation medium containing 0.1% soybean trypsin
inhibitor was added and incubated for 10 min a 0°C. The medium was
discarded and the slices were washed 3 times with fresh cell-isolation
medium. Cells were triturated with Pasteur pipette. Crude cell suspension
was passed twice successively through monofilament nylon meshes with
pore sizes of 300u, 105u. 80u and 50 respectively. The cell suspension
was centrifuged at 750 x g for 15 min to obtain a pellet (P1) and the super-
natant (S1) was discarded. Pellet (P) was suspended in 7% Ficoll- 400
(dissolved in cdl isolation medium having 2% Ficoll) and centrifuged at
270 x g for 10 min to obtain pellet (P) rich in neurons and supernatant
(S2). Supernatant (S») was diluted to 1:1.125 with ice-cold cell-isolation
medium and centrifuged at 1,120 x g for 20 min to obtain pellet (P3) rich
in astrocytes. Both the pellets P> and P3 were layered separately on top
of discontinuous Ficoll-400 density gradients (28%, 22% and 10%) and
centrifuged at 8500 x g for 30 min. The interphase between 10% and 22%
contained astrocyte fraction and the pellet was enriched with neuronal

perikarya. Both the fractions were diluted with 3 to 4 volumes of the
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medium and centrifuged at 8500 x g for 20 min. Fina pellets containing
neurons and astrocytes separately, were suspended in Krebs-Ringer-
glucose-HEPES medium supplemented with 110 mM sucrose and used
for further biochemical studies.

Cell Viability Test :

Cdl viability was determined using the dye excluson method
employing 0.4% trypan blue and the cells that were not taken up the dye
were considered as viable cells while cells that were taken up the dye were
considered as non-viable.

Cell Purity Test :

Purity of the cell preparation were routinely checked with light
microscope and by assaying the marker enzymes for the respective cell
populations.

Protein Estimation :

Protein content in cellular and sub-cellular preparations was
assayed by the method of Lowry et da. ,(1951), while in homogenates
it was assayed by biuret method (Varley, 1969)

Branched-Chain Amino Acid aminotransferase :

Branched-chain amino transferase in homogenates of 6 different
regions of rat brain was assayed by the method of Jessy and Murthy (1985)
with few modifications. Reaction mixture (1.5 ml) contains 250 pumoles
of sodium pyrophosphate buffer pH 8.3, 40 pmoles of amino acid, 10 p
moles of a-ketoglutaric acid , 1 pmole of pyridoxal-5-Phosphate, 1 pmole
of B-mercaptoethanol and .01% Triton X 100. Reaction was started by the
addition of 50 pl of 20% homogenate and incubated for 30 min at 37°C.
Reaction was terminated by the addition of 1 ml of 2,4- dinitrophenyl

hydrazine and the branched-chain keto acid hydrozones were selectively



extracted into 3 ml of cyclohexane by vortexing. Cyclohexane layer was
transferred into another test tube. To this 15 ml of 2% sodium carbonate
and3 m of 1 N NaOH were added and vortexed. The cyclohexane
layer was carefully aspirated and discarded. Absorbency of the colour
developed in the carbonate layer was measured at 440X, Parale blanks
were run with out amino acid. Activities were calculated using the
standard curve constructed for 3 different keto acids.
Transport of BCAA

Transport of leucine and isoleucine into synaptosomcs, mitochon-
dria, neurons and astrocytes was studied by the method of Rao and
Murthy (1994). Wdl oxygenated Krebs-Ringer-phosphate-glucose-HEPES
medium ( 120 mM NaCl, 25 mM KCI; 10 mM glucose; 13 mM MgSOy4.
10 mM disodium hydrogen orthophosphate; 1 mM CaCly and 10 mM
HEPES (pH 7.4) was used as an incubation medium. Transport studies
were carried out within 3 hours from the isolation of either sub-cellular
or celular preparations . Reaction mixture (0.5 ml) containing different
concentrations of non- radioactive amino acid under study and 0.4 nCi of
[3H]-labelled amino acid was incubated at 37°C for 5 min prior to the
commencement of uptake for thermal equilibration. Uptake was initiated
by the addition of sub-cellular or cellular preparations under study.
Incubations were carried out at 37°C for 5 min in shaker water bath. Up-
take was terminated by rapidly cooling the samples to 2°C. Samples were
rapidly centrifuged at 15000 x g in cold (4°C). Supernatant was carefully
removed and the pellet was immediately dissolved in 0.1 N NaOH and
transferred to scintillation vials containing 3 ml - of scintillation fluid.
Radioactivity was determined using Beckman LS 1800 liquid scintillation

spectrometer with automated quench correction. Prior to these experi-



ments. optimum amount of protein and time of incubation were stan-
dardized using different protein concentrations (25 to 800 pgm protein
fraction) and different time periods (0 to 60 min) of incubation. In al these
experiments, incubations were carried out in duplicates.

Determination of Kinetic Constants:

Kinetics of transport was studied using different concentrations of
amino acids (indicated in the text) and the saturation isotherms were sub-
jected to Scatchard analysis. Kinetic constants (Km and Vmax ) were
determined using Sigma Plot program subjecting the data obtained by
the saturation isotherms to Eadie-Scatchard analysis. A computer program
(Km-Vm) was developed by us using the least square equations to cross
check the graphical analysis of'the data.

[14CO;,)Production from/U-14CjBranched-chain aminoacids

Amount of carbon dioxide produced from the carbon labelled
amino acids was estimated by the method of Jessy (1988) with minor
modifications. Reaction  mixture (0.5 ml) consists of Krebs-Ringer-
phosphate-glucose-HEPES medium (composition described in uptake
studies) was used. 100 pM of either leucine, isoleucine or valine [0.1 p
Ci/assay] were used. Reaction was carried out in 10 ml injection vials
closed with Kontes rubber stoppers from which the center wells with a
strip of Whatman No. 1 filter papers were suspended. Vials were
tightly sealed with parafilm and vacuum grease was applied externally to
ensure no leakage. Reaction was started by injecting externally 100 pgm of
either - sub-cellular or cellular protein and incubated for 30 min with
constant shaking at 37°C. Reaction was terminated by injecting 0.2 ml
of 3M PCA into the via and 0.2 ml of hyamine hydroxide into the center

well. To zero time controls, 0.2 ml of PCA was added into the via prior to



the incubation. Vials were further incubated with constant shaking for
another 60 min at 37°C to trap the carbon dioxide released from the
cellular and subcellular preparations. At the end of incubation, the center
wells were carefully removed and dropped into the scintillation vias
having Bray's scintillation fluid and the radioactivity was determined in
Beckman LS-1800 spectrometer with 75% efficiency for carbon label. For
the determination of the gspecific activities of the added amino acid,
radioactivity in an aliquot of the incubation medium was determined.
Extraction of Cerebral Lipids:

One hour after intra-cannular injection of [3H]-leucine,  brains
were dissected and washed with ice-cold sdine. Totd lipids were
extracted from the whole brain employing the method of Phillips et al.,
(1978) . Brains were homogenized in 5 ml of 0.25 % acetic acid and centri-
fuged at 6000 x g for 15 min. This was repeated twice with the pellets
obtained and the supernatants were discarded. The find pellet was homoge-
nized in 40 ml of ice-cold chlorofonn : methanol mixture (1:1; v/iv) and
allowed to stand for 5 min to ensure complete extraction of lipids.
Tubes were centrifuged at 6000 x g for 10 min. This was repeated thrice
and the supematants were pooled. A find wash was given with chloro-
form : methanol (1:2; v/v). Pooled chlorofonn phases were evaporated
under reduced pressure. Residud lipid extract was dissolved in a known
volume of chloroform : methanol mixture (1:2; v/iv) and was used for
further analysis.

Estimation of Total Cholesterol :

An-aliquot (30pL) of total lipid fraction was evaporated under nitro-

gento estimate the cholesterol content using the method of Natelson

- (1971). To the residua lipid extract, 2 ml of glacial acetic acid was



added followed by 2 ml of acetic anhydride : concentrated sulphunc acid
(10:1; v/v). Tubes were incubated at room temperature for 20 min and
the optical density was measured at 625A against acetic anhydride :
H2S04 blank.  Cholesterol (100-1000 pgm) was used as standard.
Estimation of Total Phospholipids :

An aliquot of total lipid (10 ul) fraction was evaporated under
nitrogen and the phospholipid content was determined by the method of
Summer, (1944) by estimating the inorganic phosphorus. To the residual
lipid extract, 1 ml of digestion mixture (50 ml distilled water, 20 ml conc.
H7SO4, 25 ml  of 70% PCA) was added and the samples were heated at
200°C for 2 hr to convert organic phosphate to inorganic phosphate.
Tubes were cooled after digestion and 1 ml of distilled water was added to
convert pyrophosphate to orthophosphate. To this, 1 ml of 50% sodium
acetate (trihydrate) was added and the volume was made to 10 ml with
distilled water. 1 ml of 2.5% ammonium molybdate was added and mixed
well. Tothis, 1 ml of Metol (p-methylaminophenol sulphate; 1 gm in 100
ml of 3% sodium sulphate ) was added. Absorbency of the blue colour was
measured a 700A. Different concentrations (10-100 pgm corresponding
phosphorous content) of potassum dihydrogen phosphate was used as
standard.

Estimation of Glycolipids :

Carbohydrate content of glycolipids was estimated by the method
of Dubois et a (1956). Lipid extract (10 pl) was evaporated under nitro-
gen and 1 ml of distilled water and 40 pl of 80% distilled phenol and 2.5
ml of concentrated H»SO4 was added. Tubes were cooled for 20 min, and
the absorbency of the colour was measured at 490 A after 20 min, against
H7SO4 blank. Galactose (5-50 pgm) was used as standard.
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Thin Layer Chromatography of Labelled Lipids:

To determine the incorporation of radioactivity into different lipid
classes, total lipid fraction was subjected to thin layer chromatography
using pre-coated silica gel plates (Kieselgel 60 F254 Merck, W. Ger-
many). Cholesterol was separated using hexane : ether (85:15; v/v), phos-
pholipids with chloroform : methanol : ammonia (35:15:10; v/v), and gly-
colipids by n-propanol : water (70:30; v/v) and known standards were
chromatographed aong with the lipid samples. After the separation, chole-
sterol, phospholipids and glycolipids were localized using specific localiza-
tion reagents. The spots were scraped from the slica gd plate and
extracted into 1 ml of chloroform. Radioactivity in these lipids was deter-
mined using Beckman LS 1800 liquid scintillation spectrometer.
Estimation of [14C}-KICProduced from [U4C/-Leucine

[14C]-KIC produced from [U14C]-leucine was determined by the
method of Jessy and Murthy (1993). 100 uM of [U14C]-leucine (0.5 pCi)
in 0.5 ml of KRPG-HEPES medium was incubated a 37°C for 30 min
with 0.5 mg of cellular or subcelular preparations. Reaction was arrested
by the addition of 1 ml of 2,4-dinitrophenyl hydrazine (in IN HC1). After
10 min. incubation, 1 ml of cyclohexane was added and vortexed to extract
the hydrozone. Tubes were centrifuged a 3,000 rpm for 5 min to sepa
rate the two phases. Cyclohexane phase was carefully aspirated and
added into scintillation vid having 5 ml of scintillation fluid (8 gm PPO,
200 micrograms POPOP in 1 litter of toluene). Radioactivity present in the
cyclohe>;ane was determined using liquid scintillation spectrometer.
Estimation of /14C/-Glutamate from [UI4C]-leucine :

Incorporation of leucine carbons into glutamate was determined

essentially by the same method followed for the determination of labelled
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KIC except that the reaction was terminated by adding 1 ml of 2N HCL.
Sample was passed through a column of Dowex 50X (H' form, 8% cross
linked; 200-400 mesh, activated and packed in 5 ml bed volume) to sepa-
rate the organic acids from the glutamate fraction. Amino acids were eluted
from the column with 30% (v/v) ammonia solution and the eluate was con-
centrated through lyophilization. Residue was dissolved in a smal ali-
guot of distilled water and amino acids were separated by ascending
chromatography on precoated silica g TLC plates (Merck, Germany)
using n- butanol: acetic acid: water (65:15:25). Unlabelled authentic amino
acid standards (50 nmoles each of leucine and glutamate) were co-
chromatographed. After the separation, ninhydrin was sprayed on the area
containing standards. Areas corresponding to these two spots were cut from
the chromatogram and transferred to vials containing 5 ml of scintillation

fluid. Radioactivity in glutamate and leucine spots was determined.

Statistical Analysisof Data:
Neuman-Keuls Multiple Range test was used for the statistical

analysis of the data. A computer program was developed in basic language

for this purpose.
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Substrate/ionic transport into brain cells is a very complicated
process. In extra cerebral tissues. cells have direct access to blood. In such
tissues, blood bom substances arc transported across the plasma membrane
either by a smple diffuson or by a carrier mediated mechanism. In brain,
such a direct contact of brain cells with plasma would lead to uncontrolled
activity, since many substances present in plasma might affect and damage
the brain tissue. To prevent this, tight junctions between the endothehal
cells of cerebral capillaries form a barrier, caled blood-brain barrier (BBB).
This hairier restricts free entry of dl blood born substances and is selec-
tively permeable to substances essential for cerebral metabolism. It is
endowed with several carriers - each with its own specificity. Different
carrier mediated transport mechanisms have been identified on the BBB
(Pardridge and Oldendorf, 1975) These include transporters for hexoses,
carboxylic acids, amino acids, nucleic acids and amines. Among these,
transport of amino acids has been well studied (Chirstensen 1969; Sershen

& Lajtha 1979).

Amino acid transport systems have been further classified into three
maor systems depending on the nature and properties of the amino acid
transported (Christensen 1969: 1973; 1984) viz., neutral, basic and acidic
amino acid transport systems. Carriers for these three groups of amino acids
have also been identified on the BBB and their properties have been studied
(Pardridge and Oldendorf, 1975). These transport systems are Saturable and
stereo-specific. These systems transports more than one amino acid in the
specified group (acidic or basic or neutral) and have different affinities for
individual amino acids within the same group (Oldendorf, 1973). Interest-
ingly, affinities of these transport systems for different amino acids were

found to be close to their blood concentrations (Sershen and Lajtha, 1979).
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Hence, it was suggested that the absolute as well as relative concentration
of an amino acid in a particular group would affect its transport across
BBB. Hence, competition always exists in the same group of amino acids.

Transport of neutral amino acids (leucine, isoleucine, valine,
methionine, glutamine, phenylalanine, tyrosine and tryptophan) across the
BBB was reported to be mediated by two types of transport systems. A
sodium independent L-system (leucine preferring system; Christensen,
1969) capable of transporting large neutra amino acids with different
affinities. This was shown to be present on the luminal side of the blood
capillaries. A sodium dependent A-system (aanine preferring system) has
been reported to be present on the anti-luminal side of the blood capillaries
(Betz et a., 1981). L-system was reported to be a non-concentrative, but
Saturable transport system that maintains a dynamic equilibrium between
blood and brain levels of these amino acids (Pgari, 1984). Branched-chain
amino acids were supposed to be transported across the BBB by L-sysicm
along with other neutra amino acids such as phenylaanine, tyrosine and
tryptophan. Km of this transport system for BCAA was reported to be ~ 0.5
mM, which is close to their concentration in the blood.

Once BCAA cross the blood brain barrier, they encounter the plasma
membranes of various cell types present in the brain. Sershen and Latha,
(2979) reported that transport of BCAA and other neutral amino acids
across the plasma membranes of brain cells was mediated by the L- type of
system. Affinities of this system for BCAA was reported to be very low
(1.5 to 3 mM). Hence, it was suggested that this system might be saturated
only at very high concentrations (mM range) of these amino acids. In other
words, this system functions as a low affinity - high capacity transport

system and is capable of transporting large amounts of BCAA from extra-
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cellular space into cells. L- systems were found to be similar in their struc-
ture and function for both the membranes of BBB and cell. These systems
were shown to transport large neutra amino acids from extra-cellular fluid
in exchange with intracellular glutamine (Cangiano et al., 1983). This con-
cept was further supported by using methionine sulphoximine, a drug that
inhibits glutamine synthesis. James et a., (1979) and Jonung et a., (1984)
reported a suppression in the transport of BCAA into the brain when

glutamine synthesis was suppressed.

Severd studies were performed on BCAA transport under patho-
logical conditions such as hyperammonemia (Jessy, 1988; James et d.,
1978; Hawkins et al., 1981), porta systemic encephalopathy (James et d.,
1979), hyperinsulinemia (Brosnon et al., 1984) etc. In hyperammonemia,
enhanced transport of BCAA was reported in cellular and sub-cellular
preparations of rat brain (Jessy, 1988; James et al., 1978). Jessy (1988)
suggested that such an enhanced transport of BCAA, under acute
Nyperammonemic conditions, would replenish the glutamate pools required
for the synthesis of glutamine. Though studies were performed on the
transport of BCAA under above said conditions, few reports are available
on their transport as a function of age. Pgari et a., (1984) reported that
steady state accumulation of BCAA in brain dlices increased with age. They
also reported that mutua inhibition of transport of these amino acids was
more pronounced in younger age groups than in the older age groups. Peter-
son et al., (1973) reported greater accumulation of BCAA in synaptosomcs
in younger age groups than the older ones. Moreover, they also reported
that sodium dependent transport of BCAA was present only in immature
rats and it ceases to exist in the adult groups. In al these studies, physio-

logica mechanisms of the changes in the transport of BCAA as function of



age were not explained satisfactorily.

Presently, transport of BCAA (leucine and isoleucine) was studied in
sub-cellular (mitochondria and synaptosomcs) and cellular (neurons and
astrocytes) preparations isolated from the cerebral cortex of 1, 3 and 24
months aged rats. Though synaptosomcs were isolated as a sub-cellular
particles, they do not exactly satisfy the definition of a sub-cellular particle
as they are bound by plasma membrane which encloses mitochondria and
other membrane bound structures. The rationale in selecting these age
groups has already been explained.

Transport of BCAA into Synaptosomcs :

Preliminary standardization of the uptake was performed in synap-
tosomes isolated from 3 months old rats. Transport of leucine was linear up
to 200 pgm of protein, while isoleucine uptake was linear up to 600 pgm of
protein (Figure 1 A). However, to maintain a favourable tissue to medium
ratio during uptake, in dl the subsequent studies only 100 pigm of protein
was used. Studies on the time dependency of the transport indicated that
this process was linear up to 10 min of incubation with both leucine and
isoleucine (Figure 1 B). To minimize the metabolism of BCAA, a time
period of 5 min was selected. Earlier reports indicated that the transport of
BCAA in brain dices and in C1300 cdl line, was a Saturable process
(Hannuniemi et al., 1987). This aspect was further studied by measuring the
uptake of BCAA into subcellular and cellular preparations at different
concentrations of leucine and isoleucine .

Saturation isotherms. for both leucine and isoleucine as a function of
amino acid concentration were observed to be biphasic. The first phase of
uptake was linear up to 50 uM of both leucine and isoleucine. Between 50

and 100 uM there was a perceptible change in the transport of BCAA.



Increasing the concentration of these amino acids beyond 100 uM in the
incubation medium, resulted in a rapid increase in the rate of transport up
to 6 mM for both leucine and isoleucine (Figure 2), thus representing the
second phase of uptake and the constructed Scatchard plot showed the
curvilinear plot (Figure 3). This bi-phasic nature of the saturation isotherms
for the transport of BCAA was not reported by earlier investigators (Jessy,
1988). This may be due to the fact that these investigators have used a con-
centration ranging from 1 mM to 5 mM (Jessy, 1988; Benjamin and
Quastel, 1980), while the concentration range used in the present study was
0.5uM to 10 mM.

Biphasic nature of the transport process might be due to (a) co-
operativity among the transporter sites present on the same protein molecule
akin to haemoglobin (Stryer, 1981) or (b) two types of transporter sites with
no co-operativity but with different affinities. In the former conditions, the
transporter protein might be having more than one ligand binding site.
Binding of the ligand to one of the sites might increase (positive co-opera-
tivity) or decrease (negative co-operativity) the affinity of the adjacent sites
(homotropic effect). Under such conditions, the saturation isotherms for the
transport process would usually be sigmoida instead of a norma rectangu-
lar hyperbole. True existence of more than one independent transporter
sites for the same ligand can be confirmed by applying Hill equation to the
initial velocity values. Hill coefficient (h) having the value of >1 indicates
positive co-operativity among the ligand binding sites or 1 for non-co-
operative independent sites with different affinities for the same ligand.
Presently, Hill coefficient (h) derived from the dlope of Hill plot was~_1 in
synaptosomcs (Figure 4 A&B) indicating the non-cooperativity among the

transporter sites and true existence of independent transporter sites with



different affinities for the transport of BCAA.

Scatchard analysis of the saturation isotherms, obtained in these
studies, clearly indicated the presence of two different transport systems in
synaptosomcs- a high affinity and low capacity (low Km and low Vmax)
and a low affinity but high capacity (high Km and high Vmax) systems
(Figure 4 C&D). These transport systems were found to differ several folds
in their Km and Vmax values for BCAA (Table 1)

TABLE 1
HIGH AFFINITY LOW AFFINITY
Km Vm Km Vm
AMINO ACID (UM) (nmoles/mg (mM) (nmoles/mg
protein/hr) protein/hr)
LEUCINE 44 +3 40 +3 6.2 +0.4 371 £32
ISOLEUCINE 62 +2 60 +3 44 +0.4 270 +38

Trangport of leucine and isoleucine in syngptosomes of 3 months-old rat. Vaues
ac meen = S D of 4 individud experiments done in duplicates Kingtic constants
were cdculated from the Eadie-Scachad plot drawn individudly for each
experiment. Sgnificance: p< 0.01.

Existence of high affinity and low affinity transport systems for the
transport of glutamate, GABA, aspartate, tyrosine and tryptophan has been
reported earlier (Shank and Campbell, 1984; Hanneunami& Oja., 1981,
Knapp and Mandel, 1972)). Besides differences in Km and Vmax of the
high and low affinity transport systems, earlier investigators have aso
reported differences in the sodium dependency of these two types of trans-
port systems. High affinity uptake system was shown to be sodium depend-
ent while low affinity uptake system was sodium independent (Dreger et
al., 1982). Hence, studies were carried out on the sodium dependency of
high and low affinity BCAA transport in synaptosomcs isolated from 3

months old rats. Uptake was performed in a medium in which sodium



concentration was varied from 0 to 120 mM and ionic balance was main-
tained with the addition of the same concentration of Tris to a fina concen-
tration of 130 mM (pH 7.4). Rest of the conditions for incubation were
similar to those described above. In dl these studies, 100 uM and 1 mM
leucine were selected as concentrations required for high and low affinity
transport systems respectively. Results of this study indicated that high
affinity uptake of leucine was affected by Na™ in a concentration dependent
manner. Reduction in the sodium ion concentration in the medium
suppressed the transport of leucine by high affinity transport systems in
synaptosome by 75% when sodium ions were completely replaced with
Tris in the uptake medium (Figure 5A). Lack of 100% suppression in the
high affinity transport under these conditions might be due to the presence
of residual endogenous sodium. Sodium dependency was not noticed for the
low affinity uptake system wherein no suppression in the uptake was found
even when sodium was completely replaced with Tris ions (Figure 5 A).
These studies clearly indicated that (i) high affinity transport systems for
BCAA in synaptosomcs differ from the low affinity transport systems not
only by their affinities but also on their sodium dependency (ii) high affin-
ity uptake in synaptosomcs is mediated by carriers but not by a simple

homoexchange of the label.

Stereo-specificity of both high and low affinity transport systems
was assessed by studying the transport in presence of p-leucine and leucine
analogue, 2-amino-2-norborane carboxylic acid (Zaleski et a., 1986).
Results obtained in this study indicated that leucine transport by high and
low affinity transport systems was unaffected by both these compounds
suggesting a highly stereo-specific nature of this transport (Figures 5 B&C).
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Survey of the literature indicated that existence of two carrier
systems with different affinities for the transport of BCAA (especialy
leucine) was reported in several preparations such as Synaptosomcs, neu-
rons, astrocytes and neuroblastoma C 1300 cel lines (Hanneunami et al.,
1987). Surprisingly, no physiologica function was assigned to these trans-
port systems by earlier investigators.

By convention, high affinity transport systems are supposed to be
involved in the termination of neurotransmitter activity of the amino acid
neurotransmitters such as glutamate and GABA (Erecinsca and Silver
1990). In fact, presence of high affinity transport system is taken as a crite-
ria for the substance to be considered as a neurotransmitter (Fonnum et al.,
1980). However, as of today, no neurotransmitter activity has been reported
for BCAA.

Scrutiny of the literature also indicated that high affinity transport
systems may be involved in providing precursors for neurotransmitters -
eg. choline for acetylcholine synthesis and tyrosine and tryptophan for the
synthesis of biogenic amines such as dopamine, adrenaline and noradrena-
line (Simon etal, .., 1976; Knapp and Mandel, 1972). It has been
reported that BCAA provide both carbon and nitrogen for the synthesis of
glutamate. As was mentioned earlier, BCAA contribute to 30% total gluta-
mate present in brain (Berl, 1974). However, studies from several laborato-
ries indicated that glutamate is synthesized from several sources. Of these
glutamine is a better precursor for neurotransmitter pool of glutamate. It is
however; not known whether glutamate synthesized from BCAA would
enter the neurotransmitter or metabolic pool of glutamate. Under such
conditions, the physiological significance for the existence of both high and

low affinity transport systems for BCAA remains to be elucidated.



In this context, it is worth mentioning here that BCAA are essential
amino acids. Hence, they are not synthesized in the body and diet is the
sole source for the cerebral pool of these amino acids. In general, content of
these amino acids in proteins is low and is variable. Depending on the
quality and quantity of the food consumed, BCAA levels in blood might
fluctuate over a wide range. Cerebra BCAA content is influenced by the
levels of these amino acids in blood. In such a case, under conditions of
malnutrition, undernutrition and starvation brain may not receive adequate
quantities of these amino acids leading to the depletion of cellular stores of
BCAA. Such a condition would adversely affect the functioning of the
tissues. For example, it has been reported that tissue proteolysis sets in if
minimal concentration of BCAA are not maintained in the tissue (Paul and
Adibi, 1980). Inadequate levels of BCAA would aso affect the growth and
development of brain (Patel and Balzas, 1970). In addition, there are severa
pathological conditions which would alter the levels of these amino acids in
blood. For example, blood levels of BCAA were reported to decrease in
hepatic encephalopathy and normalization of the levels of these amino acids
in blood (by way of infuson of either BCAA or BCKA) was found to
improve the clinical status of the patients (Beaubernnard et a., 1984).

Under such conditions, if brain is endowed only with low affinity
transport system, availability of these amino acids would be restricted when
blood levels of BCAA are low. However, it has been reported that even
when rats were fed with leucine free diet, brain leucine content was reduced
only by 30% while the same in the serum was reduced by 75% (Fernstrom

& Faller 1978). Hence, it was suggested that alterations produced in the serum
levels of essential amino acids would be poorly reflected in brain. In other

words, brain accumulates these amino acids even when their levels in blood
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are sub-optimal. This would be possible only when brain is endowed with a
high affinity transport system. This would enable the tissue to maintain
minimal quantities of BCAA, adequate to sustain the essential needs even
under adverse conditions. Hence, existence of high affinity system (in addi-
tion to low affinity system) for the transport of BCAA and other essentia
amino acids would ensure a continuous supply of these essential amino
acids even in adverse conditions.

For the above tenet to be true, it should be possible to demonstrate
the existence of high affinity transport systems not only for BCAA but also
for other essential amino acids such as tryptophan, threonine, methionine,
phenylalanine and lysine. Existence of such high affinity transport systems
were reported for tryptophan (Knap and Mandd 1972), threonine (Peterson
and Raghupathy, 1978), lysine (Hannuneimi and Oja, 1981). Peterson and
Raghupathy (1978) reported that sodium dependent high affinity transport
systems for serine and threonine were found only in the synaptosomcs of
immature brain but not in the synaptosomcs of adult brain. However, no
such high affinity transport systems have been reported for the transport of
methionine. Presently, an attempt was made to verify the above tenet.

For these studies, 0.5 uM to 10 mM [33S]methionine (0.4 pCi/assay)
was used. Conditions and the method adopted for the uptake was similar to
that of BCAA. Saturation isotherms obtained in these studies were aso
biphasic as described for leucine and isoleucine and Scatchard plots were
curvilinear indicating the existence of a two affinity transport system. A
Hill constant of 104 suggested lack of co-operativity among these trans-
porter sites and true existence of the dua transport systems for the transport
of this amino acid (Figures 6 A&B). Results of the present study on the

transport of BCAA and methionine in conjunction with the results of earlier



investigators on the transport of tryptophan, threonine, phenylalanine,
lysine, strongly support the existence of high affinity transport systems for
essential amino acids in cerebra membrane preparations. Hence, it is
suggested that an additional function of transporting essentiad amino acids
(besides the termination of post synaptic activity of neurotransmitter amino
acids and supply of precursors for the synthesis of neurotransmitter amino

acids) may be assigned to high affinity transport systems.

When a comparison was made on the kinetic parameters for these
amino acids in synaptosomcs of 3 months old rats, the rank order for Km of
high affinity transport systems was methionine > isoleucine > leucine.
Vmax, representing the rate of accumulation of these amino acids, was in

the order of isoleucine > leucine > methionine (Table 2).

TABLE 2
HIGH AFFINITY LOW AFFINITY
Km vm Km vm ||
AMINO ACID | (uM) | (nmoles/mg | (mM) | (nmoles/mg
protein/hr) protein/hr)
LEUCINE 44 + 32 40 + 32 6.2+ 042 371 + 322
ISOLEUCINE 62 + 2b 60+3b | 44+04b| 270+ 38
METHIONINE | 84+10¢| 12+3¢ | 2143C | 1558 +500C |

Comparison of kinetic constants of leucine, isoleucine and methionine transport in the
synaptosomcs of 3 months-old rat. Vaues are £+ SD of 4 different experiments done in
duplicates. Kinetic constants (Km and Vm) were calculated from the Eadie-Scatchard plot
for each experiment. Significance: a—» between leucine and isoleucine;, b — between
isoleucine and methionine; ¢ — between leucine and methionine

From these results, it is suggested that the transport pattern for dl
these amino acids might be different from one another. This might be due

to the presence of different transporter sites for each amino acid or same

transporter with different affinities.
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An attempt was also made to compare the kinetic parameters (Km
and Vmax) obtained in the present investigation with the earlier reports in
which these high affinity transport systems were reported. However, very
few studies were done in the past on high affinity transport syslem. A Km
of 48 M was reported by Hannuneimi and Oja (198V) for high affinity
transport of leucine in neuroblastoma CI1300 cdl line. The Km value
obtained in the present investigation (44 M) was found to be well within
the range of the reported value. However, difficulties were encountered
while comparing the Vmax values of present study with that of Hannuneimi
et a., (1987). These investigators represented the Vmax vaues in terms of
umoles/kg cells/second. As the protein content of these cells was not
known, it was difficult to calculate the Vmax per mg protein per unit time

When a comparison was made in the kinetic parameters for the
transport of these BCAA and methionine by low affinity transport systems,
the rank order of Km and Vmax for the transport of these amino acids was
observed to be methionine > leucine > isoleucine Vmrax for the transport of
methionine was observed to be different from that of leucine and isoleucine
(4 to 6 fold for Km and 7 to 10 fold for Vmax) (cf. Table 2). A comparison
of the kinetic parameters of low affinity transport systems with that of high
affinity transport systems indicated the Km and Vmax values of the former
syssem were greater by approximately 3 orders of magnitude when
compared to the later.

Kinetic parameters obtained by the earlier investigators were differ-
ent from the values obtained presently. Cohen and Lajtha, (1972) reported a
Km of 0.5 mM for leucine transport in brain dices while Vahlevan and Qja,
(1975) reported a value of 0.4 mM in the same preparations. Benjamin etal.,

, (1980), reported a Km of 1.86 mM for leucine, and 2.14 mM for



isoleucine in crude synaptosomal (P,) fraction . Jessy, (1988) reported a
Km of 16 mM for leucine and 3 mM for isoleucine in synaptosomcs
prepared from the cerebra cortex of 6 months old rats. Vaues obtained
presently could not be compared with the reports of Cohen and Lajtha,
(1972), or Benjamin and Quastel, (1980) since in the former investigators
used brain dices. In this preparation, rate of trangport depends not only on
the concentration of the amino acid but also on severd other factors such as
size and thickness of the slice. Moreover, brain dice contains neurons and
different types of gliad cells as well as nerve endings. In such a preparation,
the obtained Km value would be an algebraic sum of Km of dl the cell
types and nerve endings. Benjamin and Quastel used crude synaptosomal
fraction, which contains a mixture of synaptosomcs, mitochondria, and
contaminants such as myelin. Hence. the above argument would be appli-
cable for this preparation also. Values obtained by Jessy (1988) for synap-
tosomcs were some what similar to present results but the age group she
selected was different from the age groups of present study.

Transport of BCAA into mitochondria:

In addition to synaptosomcs, studies were adso performed on the
transport of leucine and isoleucine into mitochondna isolated from the
cerebral cortex. BCAA are known to be actively metabolized in brain mito-
chondria (Jessy, 1988). Initid enzyme in the metabolism of BCAA viz.,
BCAA-amino transferase is present in both mitochondria and cytosol
(Cooper and Meister, 1985). Moreover, the rate limiting enzyme for the
catabolism of BCAA i.e.,, BCKA-dehydrogenase is exclusively localized in
mitochondria. Previous studies on cerebra BCAA metabolism indicated
that the activities of these enzymes were higher in mitochondria than in

synaptosomes and cytosol (Jessy, 1988). It is implicitly understood that the



metabolism of any substrate in a membrane bound compartment would be
regulated by its availability (in that particular compartment) which in turn
would be regulated by its transport across the membrane. This tenet is
applicable to the BCAA metabolism in cerebra mitoctiondria and very few
studies have been conducted on this aspect.

Preliminary standardization was done in mitochondria isolated from
the cerebral cortex of 3 months old rats. In these studies, non-specific up-
take was observed to be 20-25% of the totd uptake. Results of the present
study indicated that leucine transport was linear up to 400 pigm of mito-
chondrial protein while the isoleucine uptake was linear up to 800 [igm of
protein and 20 min of incubation time (Figures 7 ALB). To minimize the
metabolism of these amino acids, 100 pgm of mitochondrial protein and 5
min of incubation time were selected for subsequent experiments. Kinetics
of transport were studied using 0.1 mM to 10 mM of BCAA.

Saturation isotherms obtained for leucine and isoleucine transport
were found to be monophasic, unlike in synaptosomes (wherein saturation
isotherms were biphasic). Transport was Saturable around 6 mM for both
leucine and isoleucine indicating the presence of only one type of system
for the transport of BCAA in these preparations (Figure 8 A&B). This
aspect was further confirmed in the Scatchard analysis of the data obtained
from the saturation isotherms. Scatchard plots for both leucine and iso-
leucine indicated no curvilinearity and the data could be fitted into a first
order linear regression curve (Figure 8 C&D) - confirming the presence of
single type of Saurable transport system. Kinetic parameters (Km and
Vmax) derived from the Scatchard plots, indicated that BCAA were trans-
ported into mitochondria by a low affinity, high capacity (high Km and

Vm) system which operatesin mM concentration range (Table 3).



TABLE 3
AMINO ACID LOW AFFINITY
Rm Vm
(mM) (nmoles/mg
protein /hr)
LEUCINE 261 902 + 30
ISOLEUCINE 123 557 +51

Mitochondria transport of leucine and isoleucine in brain Values are mean +
S.D of 4 individud experiments done in duplicates Kinetic congtants (Km
and Vm) were cdculaed from Eadie-Scaichard plots dravn individudly
for each experiment. Sgnificance p < 0.001

Rm and Vmax values, obtained presently, for BCAA transport in
mitochondrial preparations were in accordance with the earlier reports of
Jessy (1988). In this context, it is worth mentioning here that apart from
their incorporation into cerebral proteins, BCAA might be involved in
cerebral energy metabolism, as end products of BCAA metabolism (acetyl
CoA and succinyl CoA) are oxidized in TCA cycle. Earlier reports indi-
cated that i) rate of production of CO» from BCAA was more than their rate
of incorporation into cerebra proteins (Chaplin et a., 1976) and ii)
enzymes responsible for the oxidation of BCAA to be localized in mito-
chondria (O1son, 1989). Under such conditions, complete catabolism of
BCAA occurs in mitochondria. High rates of metabolism of these amino
acids in mitochondria would require a higher rate of their transport which
is possible only through a low affinity uptake system.

As mentioned earlier, unlike synaptosomcs, mitochondria seemed to
be endowed with only low affinity transport systems for BCAA. Presence
of only fow dffinity transport systems for BCAA in the mitochondria is
understandable as these amino acids are available to mitochondria only
when the cytosolic pool for these amino acids is saturated. In other words,

mitochondria have no direct access to the extracellular environment and
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obtain BCAA only from cytosol. Under norma conditions, the cytosolic
pools for the BCAA would be maintained a optima levels However, the
intracellular levels of these amino acids might be beow the Km of the
mitochondrial low affinity transport systems for BCAA. ™ Hence, the mito-
chondrial carrier might not be saturated at these intracellular concentrations
and operates at sub-optimal levels. This is understandable as the mitochon-
drial metabolism of BCAA include their oxidation to CO», with an irrevers-
ible loss of the carbon skeleton of the essential amino acids. Moreover, the
presence of only low affinity transport systems in mitochondria enables the
cell to maintain adequate amounts of the amino acids in the cytosol which
is required for protein synthesis and other such vitd phenomenon.
Transport of BCAA into Neuronsand Astrocytes

Preliminary standardization of BCAA transport, in neurons and
astrocytes isolated from 3 months old rats, indicated that transport of
BCAA was linear up to 400 pgm of protein and 10 minutes of incubation

time (Figures 9& 10 A to D), However, to minimize the metabolism of these

**  An approximation of the inrra-cellular pool size of amino acid can be
calculated from the saturation point on rzme cun>es./t 1s usually assumed that on
prolonged incubation, the intracellular amino acid pool (unlabelled) would be
completely replaced by the labelled amino acid present in the medium. Hence, the
amount of radioactivity present in the cells after prolonged incubation represents
the size of the intracellular amino acid compartment. Hence, any saturation point
on nme curve might be due to equilibration of intra and extracellular pools. With
‘his assumption and also assumung that cell water content s -70%, the intra-
cellular pool size of leucine isoleucine might be around 0.66 to J mM. It must,
however be mentioned that rhis value is the size total of the intra-cellular pool

vhich includes cytosol and mitochondria.



amino acids in cells, a protein concentration of 100 pigm and a time period
of 5 minutes were selected. Kinetics of transport of BCAA was performed
in neurons and astrocytes as described earlier. Amino acid concentrations
ranging from 0.5 uM to 8 mM of BCAA were used.

Saturation isotherms obtained from these studies indicated that
BCAA transport into these preparations was biphasic in both astrocytes
and neurons having two phases of saturation for leucine and isoleucine
(Figure 11&12). Hill coefficient for the uptake of leucine and isoleucine in
neurons and astrocytes was close to 1 indicating no-cooperativity among
the transporter sites and true existence of two independent transporter sites
with different affinities (Figure 13 A&B; Figure 14 A&B) This aspect was
further verified by subjecting the data obtained from the saturation iso-
therms to Scatchard analysis. The curvilinear nature of the Scatchard plot
confirmed the presence of dud affinity transport systems (Figure 15&16 A
- P). These studies indicated that BCAA transport into neurons and astro-
cytes might be mediated by a high affinity (low Km and Vmax ) and a low
afinity (high Km and Vmax) transport systems. The Km and Vmax vaues
for these two transport systems differ by severa order of magnitude (Tables
4&5).

A comparison of these transport systems between neurons and astro-
cytes indicated that the Km and Vmax vaues of low affinity transport sys-
tems for leucine and isoleucine were higher in astrocytes than in neurons.
Km of high affinity transport system for leucine in neurons was dlightly
higher than astrocytes while, Km of the same was significantly higher for
isoleucine than leucine. Vmax for the this system for both leucine and

isoleucine was much higher in astrocytes than neurons (Tables 4&5).



TABLE 4
HIGH AFFINITY LOW AFFINITY
Km Vm Km vm
AMINO ACID (uM) (nmoles/mg (mM) (nmoles/mg
protein/hr) protein/hr)
LEUCINE 58 + 3 221204 | 38 0,6 214 £40
ISOLEUCINE 84+9a | 37+0438 | 28 +0.7 233 +24

TABLE 5
HIGH AFFINITY LOW AFFINITY
Km Vm Km Vm
AMINO ACID (uM) (nmoles/mg (mM) (nmoles/mg
protein/hr) protein/hr)
LEUCINE 41 +£8 46+ 1 12 £04 812 £ 97
ISOLEUCINE 61 +94 54 +0.8 12+2 660 + 1264

Leucine and Isoleucine transport into neurons and astrocytcs in 3 months-old rats
Values are mean + SD of 4 individud experiments done in duplicates Rest of
legend is same as that of table 3. Table 4 is uptake into neurons and Table 5
uptake into astrocytes, respectively. p< 0l

A comparison of these transport systems in neurons, astrocytes and
synaptosomcs indicated that the Km for low affinity transport systems was
in the rank order of astrocytes > synaptosomcs > neurons while the Km for
high affinity transport systems was in the order of neurons > astrocytes =
synaptosomes. Such differences in the transport of BCAA among different
cellular and sub-cellular preparations could be due to differences in the
nature of these transporter proteins present on the membranes of different
cell types. It is interesting to note that the Km of high affinity transport
system Was lower in Synaptosomcs than in neuronal perikarya, while Vmax
of this system was about 200 fold higher in synaptosomes than neuronal

perikarya. In other words, the affinity of the transporters to 1S substTate as



well as number of transporter Sites were greater in synaptosomcs than neu-
ronal perikarya. Such differences in the affinity could be due to the differ-
ences in the membrane microenvironment in these two regions of neuron.
Similarly, the greater Vmax (indicating the number of transporter sites) of
the transport in synaptosomcs might be due to preferentia accumulation of
these proteins in the nerve terminals than in cell bodies.

In contrast to the high affinity transport systems, Km of the low
affinity transport was higher in synaptosomcs than in neurona perikarya
while the difference in Vmax was not as great as high affinity transport
systems. In fact, a greater Vmax in synaptosomcs of low afinity transport
system than neuronal perikarya was observed only for leucine but not for
isoleucine.

Preferential  accumulation of high affinity transporters and their
higher affinity of transporters in the nerve terminals than cell bodies suggest
that the high affinity transport systems might be for the synthesis of neuro-
transmitter pool of glutamate while low affinity transport systems might be
associated with the oxidative path way of BCAA. This 1s further supported
by the observation that the Vmax and Km of the low affinity transport sys-
tems was much higher in astrocytes than the other two preparations. In
addition, absence of high affinity transport systems in mitochondria is also
In accordance with this suggestion.

Results of this present investigation are in accordance with the
theory of metabolic compartmentation proposed by Berl et a., (1969).
According to this theory, BCAA are mainly metabolized in smal pool of
glutamate supposed to be localized to the glid cells. Higher rates of BCAA
uptake indicate greater rate of metabolism in astrocytes than in other cdll

types of brain. It was reported earlier that activities of the enzymes respon-



sible for BCAA metabolism were higher in astrocytes than in neurons
(Jessy, 1988). Murthy & Hertz 1987) aso reported a higher rate of oxidation
of BCAA in primary' cultures of astrocytes than in neurons Transport of
BCAA into neurons and synaptosomcs is aso in accordance with the
reports of Chaplin et al., (1976), who reported that the metabolism of
BCAA might also occur in neurons and nerve endings

Results of the present investigation indicated that BCAA would be
transported into dl these cdl types by two kinds of transport systems - a
high affinity low capacity transport sysem and a low affinity high capacity
transport system.

Survey of literature on BCAA trangport into neurons and astrocytes
indicated that very few studies have been carried out on this aspect and no
reports are available on the high affinity transport of BCAA 1n these prepa-
rations. However, Hannunemi & Oja (1981) reported that leucine and
lysine were transported into neurons and astrocytes 3 week-old rat brain
by high affinity transport systems. They reported a Km of 9 uM for leucine
in neurons and 4 M in astrocytes Vmax values reported by them could not
be compared with the present values as it was represented per kg cells and
neither the amount of protein/cell nor the number/weight of the cells per mg
protein were given in thelr reports.

BCAA Transport in Subcellular Fractions as a Function of
Aging :

After establishing the existence of transport systems for BCAA in
wnaptoéomcs, mitochondria, neurona penkarya and astrocytes isolated
from the cerebral cortex of 3 months aged rats, these studies were extended
to the other age groups of rats viz., young (1 month), adult (3 months) and
aged (24 months) rat brain cortices. Age dependent alterations were



observed in both high and low affinity transport systems in synaptosomes
and in the low &ffinity transport systems in mitochondria.

In synaptosomcs, Km of high and low affinity transport systems for
leucine and isoleucine were lowered in 24 months old rats when compared
with 1 month-old rats. Km of high affinity transport system for leucine was
lower in adult rats than young rats while no such change was observed in
the case of isoleucine. Changes observed in the Km of low affinity transport
system for these amino acids in these age groups were opposite to those
observed for high affinity transport system in that changes of greater magni-
tude were observed for isoleucine. When a comparison was made between
adult and old rats, there was a dtatistically sgnificant difference in the Km
of high &ffinity transport of isoleucine and low affinity transport of leucine
( Tables 6&7).

Similar to changes in Km, Vmax vaues for leucine and isoleucine
were also decreased in the 24 months old rats when compared to 1 month
old rats. The magnitude of decrease was between 47 to 64% (Tables 6&7).
When a comparison was made between young and adult rats, Vmax for low
affinity transport system in cortical synaptosomes for these two amino acids
was lower in the later age group than in the earlier age group. In contrast,
Vmax of high affinity transport sysem of isoleucine was higher in 3
months age group than in one month age group of rats, while no such dif-
ference was noticed in Vmax of high affinity transport system for leucine.
A comparison between adult and old rats revedled a fdl in the Vmax of
both high and low &ffinity transport systems of these two amino acids in
synaptosomes with the exception of low affinity system for isoleucine

(Tables 6&7).



Similar to changes in synaptosomes, the Km and Vmax values were
altered in the cerebral mitochondria isolated from the rats of different age

groups. Km for leucine transport was found to be highest in mitochondria

TABLEG6
HIGH AFFINITY LOW AFFINITY I
Km Vm Km Vm
AGE (uM) (nmoles/mg (mM) (nmoles/mg
protein/hr) protein/hr)
1 MONTH 70 £ 10 45+ 5 76+ 2 770+ 174
3MONTHS 44+ 34 40+ 3 6+ 044 371 + 328
24MONTHS | 43+ 2¢ | 25+ 4bc |3+ 0.2bc] 278+ 12be i
TABLE 7 -
HIGH AFFINITY ~ LOW AFFINITY
Km Vm Km Vm
AGE (uM) (nmoles/mg (mM) (nmoles/mg
protein/hr) protein/hr)
1 MONTH 66+ 4 41 + 3 8t 1 638 £ 123
3MONTHS 62+ 2 60 + 3@ 4 +0 42 270 + 384
24MONTHS | 28 + 1b¢ | 16+ 1bc | 4+ 05¢ | 313+ 26¢

Age dependent variations in the kinetics of transport of leucine and isoleucine in
synaptosomes  Vaues are mean £ SD of 4 individud experiments done in
duplicates Kinetic constants (Km and Vm) were calculated from Eadie-Scatchard
of each experiment Significance a—> 1 and 3 months, b -+ 3 and 24 months, ¢

— 1 and 24 months

isolated from adult rats. Similar to changes in synaptosomcs, Km and Vmax
for leucine transport into mitochondri'a were significantly decreased in 24
months aged rats when compared to young and adult rats. Km and Vmax
for leucine transport were §gnificantly higher in adult rats than young rats.
A comparison between young and aged rats reveded a significant decrease
in both Km and Vmax in leucine transport in mitochondria isolated from

the latter age group of rats (Table 8).
With isoleucine, changes in Km and Vmax values were exactly
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opposite to that of leucine transport. There was a sgnificant increase in
both Km and Vmax values for isoleucine in older rats when compared with
other two age groups. A comparison between 1 and 3 months rats, showed
an increase in both Km and Vmax valuesin 3 montls rats than 1 month rats.
However, a comparison between 3 and 24 months rats, showed no signifi-

cant changes in the same in these 2 age groups (Table 8).

TABLE 8
LEUCINE | ISOLEUCINE I
4
Km Vm Km Vm
AGE (mM) (nmoles/mg (mM) (nmoles/mg
protein/hr) protein/hr)
1 MONTH 8 +0.7 644 +60 5 +0.6 379 +25
3MONTHS | 26 +32 | 902 +30a || 12 +3a 557 +514a
|24 MONTHS | 6 +0.9b¢| 337 +4sbc )| 14 +3bc || 582 +65be |

Age dependent variations in the mitochondrial transport of leucine and
isoleucine. Vaues are mean = SD of 4 different experiments done in duplicates
Kinetic constants were caculated from Eadie-Scatchard plot drawn for individua
experiments. Significance: a—between 1 and 3 months, b-—»between 3 and 24
months, c—between 1 and 24 months

Transport of BCAA into Neuronsand Astrocytes

Studies on the transport of BCAA were also carried out in neurons
and astrocytes isolated from cerebral cortex of young, adult and aged rats.
Results of this study indicated that both Km and Vmax for the transport of
BCAA decreased significantly in neurons and astrocytes of old rats when
compared to younger age groups.

Km and Vmax of high affinity transport systems for leucine were
significantly decreased with increasing age in both neurons and astrocytes.
Though there was an over dl decrease in the Km of high affinity transport
systems between young and old rats, the magnitude of decrease was not

uniform. Decrease in the Km of high affinity transport system in neurons



was only 19% in adult rats when compared to young rats while the same
was 40% between adult and old rats. In contrast, magnitude of decrease in
the Vmax of high affinity transport system for leucine was uniform (-40%)
between young and adult and adult and older age groups of rats. In astro-
cytes, magnitude of decrease in the Km of high affinity transport system for
leucine was more between young and adult (-45%) than between adult and
older age groups (-27%). Profile of age dependent changes in Vmax of high
affinity transport of leucine in astrocytes was exactly opposite to that
observed for Km (-29% between young and adult and - 54% between

adult and older rats; Table 9& 11).

TABLE 9
HIGH AFFINITY LOW AFFINITY
Km Vm Km Vm
AGE (um) (nmoles/mg |  (MM) (nmolesmg
protein/hr) protein/hr)

1 MONTH 74 +6 6.5 +0.5 22+4 1401 + 303
3MONTHS | 41 +ga 46+ 1 12118 | 8124974
24 MONTHS | 30 + 1b.c| 21 +0.6b.c| 8.4 +1b.c| 576 1 147b.C

Age dependent variations in the kinetic constants of leucine uptake in
neurons. Legend same asin Table 8

TABLE 10
HIGH AFFINITY LOW AFFINITY
Km Vm Km Vm
AGE (uM) (nmolemg |  (MM) (nmoles/mg
protein/hr) protein/hr)

1 MONTH 99 + 16 61 12 20+ 6 1251 1283
3 MONTHS 61 +98 | 54+08 12+28 | 660+ 12628
24 MONTHS [ 3314bc| 34+05¢ [ 812bc [ 4621 84b.c
Legend same asin Table 8 Table 10 represents the kinetic constants of iso-
leucine uptake in neurons.

In the case of isoleucine, there was a significant decrease (-38%) in

the Km of high affinity transport system in neurons isolated from rats aged



24 months when compared with 1 month aged rats. No such change was
observed between 1 and 3 months old rats. Km of the high affinity transport
of isoleucine in astrocytes showed a consistent decrease with increasing
age. Changes observed in Vmax of high affinity transport for isoleucine in
neurons were similar to the changes observed in the Vmax for leucine.
Vmax of high affinity transport for this amino acid decreased with increas-
Ing age in neurons while in astrocytes. It was less in rats aged 24 months
when compared to 1 month and 3 months old rats while between 3 and 24

months age groups no significant change in the Vmax was observed (Table

10& 12).
TABLE 11
HIGH AFFINITY LOW AFFINITY ]
Km Vm Km Vm
AGE (uM) | (nmoles/mg | (MM) (nmoles/mg ||
protein/hr) protein/hr)

1 MONTH 72 +8 53+1 41+0.6 | 253+16 |
3MONTHS | sg+3a | 22+048 | 38+0.6 | 214 +40
24 MONTHS | 35+¢b,c| 1.44+02bc|25+0.7¢ 164 + 7€

Age dependent variations in the klinetic constants for leucine uptake in
astrocytes. Legend same asin Table 8

TABLE 12
HIGH AFFINITY LOW AFFINITY ]
Km Vm Km Vm
AGE (uMm) (nmolessimg | (MmM) (nmoles/mg
protein/hr) protein/hr)

1 MONTH |87 +10| 9+05 |31+05]| 272+10
3MONTHS | 84+9 | 374042 | 28 +0.7 | 233 +24
24 MONTHS | 85+9b¢ [ 2+0.2b¢ | 2+0.1¢ | 166+ 14b.c

-

Age dependent variations in the kinetic constants for isoleucine uptake in
astrocytes. Legend same asin Table 8




Km of low affinity transport for both leucine and isoleucine showed
a statistically significant decrease in neurons of the adult when compared
with young rats while no satistically significant difference was found
between adult and older age groups . In astrocytes the Km and Vmax values
of low affinity transport for both leucine and isoleucine were significantly
decreased with increasing age and the magnitude of decrease was found to

be -60% in both Km and Vmax for leucine and isoleucine (Tables 9 - 12).

A comparison of the kinetic parameters of leucine transport between
neurons, astrocytes and synaptosomcs isolated from cerebral cortex of rats
of above sad age groups, reveded an interesting pattern. There was no
statistically significant difference between neuronal perikarya and astro-
cytes in the Km of high affinity transport for leucine in rats of same age
groups except in 3 months old rats where the Km in neurons was higher
than that of astrocytes. In contrast to this, Km of high affinity transport for
isoleucine was higher in neurons than astrocytes in adult and older age
groups of rats while it was more or less same in 1 month age group. Unlike
the changes in Km, Vmax vaues of high afinity transport for both leucine
and isoleucine were more or less same in neurons and astrocytes of rats of
same age groups except in 3 months age where the Vmax in astrocytes was
higher than that of neurons.

A comparison of the Km of low affinity transport in neurons and
astrocytes reveadled that it was higher in astrocytes than neurons in dl the
three age groups. A similar profile was aso observed for Vmax values.
Vmax of high affinity transport of both leucine and isoleucine was higher in
synaptosomcs than neurons in al the age groups of rats. Km of this trans-
port system for isoleucine was lower in synaptosomcs than in neurons in al

the age groups. In the case of high affinity transport systems for leucine,



Km was more or less same in both neurons and synaptosomcs at the early
ages. However, in 24 months age group, Km of synaptosoma transport
system was higher than that of neurons. In the case of low affinity transport
systems, both Km and Vmax of synaptosomal transport were higher than
that of neurons.

In brief, with few exceptions, studies on the transport of BCAA in
different age groups showed an over dl decrease in Km and Vmax with
increasing age. Part of these results have dready been published (Rao and
Murthy, 1995).

Changes observed in Km and Vmax might be due to (i) alterations in
the synthesis and degradation of the carrier proteins and/or (ii) synthesis of
carrier proteins with dtered conformations and/or (iii) aterations in the
membrane microenvironment such as membrane fluidity and viscosity.

Earlier studies on the mechanisms responsible for aging indicated
that an overal decrease in cerebra protein synthesis due to alterations in
both transcription and trandation process in aged animals. Reff
(1985) reported decreased rates of RNA and protein synthesis while
Petricivic et a., (1983) reported a decrease in total RNA content in aged rat
brain. Yarannd et al., (1977) reported only decrease in the mRNA levels
without any changes in the other RNA species. Seismi (1982) report-
ed a 26% reduction in polyA™ mRNA in the cerebra cortex of aged rats.
Alterations in the trandational abilities of different mMRNA species were
also reported to be reduced in aged rat brain (Yaranell et a., 1977). It was
also reported that the decreased protein synthesis in aged brain might be
due to decreased aggregation of ribosomes into polysomes a pre-requisite
for the trandational process. All these studies suggested that during a2ing,
cellular synthetic machinery might be altered which would eventualy
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decrease the synthesis of the macro molecules.

It was mentioned earlier tha the transporter proteins are synthesized
in the cellular cytoplasm, sorted and transported to the target Sites such as
membranes. Alterations either in the sorting or targeting of the proteins in
aged rats might also affect the membrane transporters. In neurons, proteins
are synthesized in the cdll body and transported to nerve terminals by sow
and fast axoplasmic transport processes (Agranoff et al.. 1993). Amino acid
carrier proteins were reported to be transported by fast axoplasmic transport
(Agranoff et al., 1993). However, a reduction in the rate of fast axoplasmic
trangport has been reported during the process of aging (Mc Martin, 1979).
Alterations in the rate of synthesis and transport of proteins in aging could
affect only the Vmax of the amino acid carriers but not their Km. Hence, 1t
is suggested that changes in the Km may be due to aterations in the amino
acid sequence of these synthesized proteins. Such an event would result in
an abnormal folding of the synthesized protein and/or its insertion and
orientation in the membrane which would eventualy influence the affinity
of these carrier proteins.

Such a possibility of the synthesis of proteins with altered or abnor-
ma conformations was predicted by Orgel (1963) in the Error Catastrophe
Hypothesis. This hypothesis predicts, that the progressive decrease in accu-
racy of the protein synthesis might be one of the factors responsible for the
process of aging and age related functional changes in the cellular macro
molecules. This decrease in the accuracy of the protein synthesis was
assumed to be due to (@) alterations in the coding sequences of DNA that
might lead to the synthesis of defective mRNA molecules and trandation of
these defective mRNAs might result in the synthesis of proteins with altered
functional domains (b) defective synthesis of rRNA and tRNA molecules



since DNA also codes for the synthesis of these RNA molecules As a
result of the defective synthesis of these RNA molecules, synthesis of
essential regulatory proteins such as initiation and elongation factors for
trandational processes might be atered. This process would exert a cumu-
lative effect on the synthesis of target proteins in the cell. Taken together,
such alterations of the genomic organization of the cells might result in
the decreased accuracy in protein synthess.

In addition to this, reports of the earlier investigations also indicated
that aging enhanced the generation of free radicals which damage cellular
membranes. In aging animals, free radicals escape anti-oxidant mechanisms
and react with the fatty acids present in the plasma membrane and dter the
physical environment of the membrane (Harman, 1981) Such changes
might ater the lipid compostion (increase in cholesterol content and
decrease in phospholipid content) of the membrane. This might affect the
orientation of the proteins in the membrane. If the membrane protein
happens to be a transporter protein, then changes in lipid-protein inter-
actions and their orientation in the membrane would affect the affinity of
the carrier for its ligand and dso on the overal rate of transport process. In
fact, such aterations in the oxidation of —SH groups in proteins in the
synaptosomal membranes isolated from the aged rats were suggested to be
responsible for the atered conformation of the integral proteins of the
membrane which might alter the affinities of carriers for the ions and amino
acids (Nagy et a., 1983). Above sad alterations in membrane lipid
composition (i.e., increased cholesterol and decreased phospholipid
contents) would also affect the physical parameters of the membrane such
as fluidity. It has been reported that changes in the cholesterol content has

a biphasic influence on the fluidity of the membrane - an initia increase



followed by a decrease in the membrane fluidity while the nature of the
fatty acids especially their degree of unsaturation directly influences mem-
brane fluidity. Free radical induced oxidation of unsaturated faity acids in
membranes was therefore assumed to alter the membrane fluidity.

As was mentioned above, in the carner mediated transport of any
substance across the membrane, binding of the ligand brings a conforma
tiona change in the transporter protein. Such conformationa changes
would be facilitated in fluid environment and are adversely affected in a
rigid frame work. Increased cholesterol and decreased phospholipid con-
tents are known to increase the viscosity (decreased fluidity) of the mem-
brane and affect membrane associated processes such as transport (Nagy et
al., 1983).

Using spin labelled probes in the synaptosomal membranes of
young, adult and aged rat brain cortex, Nagy et a., (1983), reported
decrease in the synaptosomal membrane fluidity and increased membrane
viscosity in aged animals. They reported that the lipid bilayer of the synap-
tosomal membrane was rigid in aged rats. As a result, fluidity of the mem-
brane was decreased. They indicated that such changes in the fluidity might
affect the functioning of carrier proteins in membranes. Moreover, confor-
mational changes induced in the carmer proteins by binding of ligand
involves lipid-protein interactions. Alterations in lipid composition might
result in an unfavourable environment where such lipid-protein interactions
might be unduly interfered.

Decrease in both Km and Vmax for high and low affinity transport
systems for BCAA in dl these preparations as a function of age might have
a physiological significance. Increased affinities (decreased Km) of these
transporters in celular and sub-cellular preparations of aged rats might be
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helpful to transport these essential amino acids when their extra-cellular
concentrations are sub-optimal. It is generally believed that the food con-
sumption declines in senescent rats due to more than one mechanism such
as (a) loss of certain norma cognitive functions in these rats might reduce
the exploratory behaviour for food and water (b) The decreased
metabolism might possibly increase the haf life of these amino acids in
cellular cytoplasm which would exert a feed back inhibition on the animals

food consumption (Harper 1983). As a result of the declined food

consumption availability of essential amino acids to brain might aso be
lowered. Under such conditions, membrane transporters with lower
affinities (high Km) might not be efficient in transporting these amino acids
from the extracellular environment. In this situation, the transporters with
much higher affinities (low Km) might serve the purpose of transporting the
essential amino acids at suboptimal levels to meet the basal requirements of
these amino acids especialy when the extra-cellular levels are sub-optimal.
Thus, modifications in the affinities of these transporters might be a

beneficial adaptation in the senescent period.
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Figure 3: Curvilinear Scatchaid plot of leucine transport into
synaptosomes  Scatchaid Plot was constructed subjecting the
data of saturation isotherms to Scatchaid analysis. Values are
mean + S.D of 4 individual experiments done in duplicates.
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Figure 5. A : Sodium effect on high and low affinity transport of]2H -

leucine. Sodium concentration was varied from 0 to 130 mM. B
and C : Effect of (2-amino-2-norborane carboxylic acid ) and D-
leucine on the stereo-specificity of [3H]-leucine transport into
synaptosomcs. (2-amino-2-norborane carboxylic acid ) and D-
leucine concentrations were varied from 0 to 1000 uM. In dl
the experiments 50 1M and 1 mM leucine concentration was
selected for high and low affinity transport respectively. Values
are mean = S.D of 4 individua experiments done in duplicates.
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Results from the previous chapter indicated that BC A A are trans-
ported into cellular and sub-cellular preparations of the brain over a wide
range of concentrations .and age dependent variations were aso
observed in the transport of BCAA. Subsequent to their transport, these
amino acids are actively metabolized in the tissue. Enzymes involved in
the metabolism of BCAA have been identified in brain and it has been
reported that brain might be the maor ste of metabolism of these amino
acids after skeletal muscle.

Studies on the in vitro activities of the enzymes involved in the
metabolism of amino acids may not indicate their actua in vivoe metabolism
of those substances. The reason being that during the in vitro assay of an
enzyme, the concentration of the substrate, cofactors and pH would be
optimal, while in n vivo conditions the concentrations of the substrates and
other cofactors, pH are optimal. Moreover, during the process of homog-
enization the barriers for the entry and exit of various substances and other
regulatory mechanisms involved in the metabolism of compounds might
be destroyed. In addition, enzymes of different metabolic pathways
would be acting on the same substrate under in vivo conditions and the
products generated may some times modulate the operational rates of either
the same or different metabolic pathways utilizing the same substrate.
Hence, studies merely on the enzyme reactions might give information on
the optimal capacity for the utilization of substrate by the system but not
the operational rate. In order to study the actual turn over of various com-
pounds, it is always suggested to study some of the metabolic reactions in
in vivo conditions. This is possible by using labelled substrates and measur-
ing the intermediates or termina products of the pathway. Such studies
might give information regarding the actual rate of a metabolic pathway.



Hence, in the present investigation, production of labelled 14CO> front
the [U-14C] BCAA was sudied in various cellular and sub-cellular
preparations isolated from the cerebra cortex of different age groups of
rats.

Rate of utilization of amino acids depends on (i) their availability at
the dite of utilization (ii) need for the tissue to utilize these amino acids,
viz., in the synthesis of proteins and (iii) their involvement in energy
metabolism. All the 20 biologicaly active amino acids are known to
undergo metabolic degradation in tissues by various enzymes and the
resulting end products are utilized for the synthesis of various other
substances such as neurotransmitters  (dopamine from tyrosine and
phenylalanine, taurine from methionine) or gain entry into citric acid cycle
and generate ATP. Depending on the nature of their end products, amino
acids are classfied as ketogenic and glucogenic amino acids. BCAA are
either ketogenic (leucine) or glucogenic (valine) or both (isoleucine).

Extensive studies have been conducted on the metabolism of BCAA
in extra-cerebral tissues. However, very few studies have been conducted
on the metabolism of these amino acids in brain. It was believed earlier that
BCAA are primarily utilized for protein synthesis (Patel & Balazs 1970) .
Later studies have indicated that BCAA carbons are oxidized &t a rate
higher than their incorporation into proteins (Cremer et al., 1975). More-
over, studies on metabolic compartmentation in brain suggested that astro-
cytes might be the primary sites of BCAA metabolism (Berl#Clarkel 969).
It was further suggested that the carbons from these amino acids might label
the smal pool of glutamate. However, later studies have revealed that
neurons as well as oligodendroglial cells also have the capacity to oxi-

dize BCAA to CO2 (Chaplin, 1976., Jessy, 1988).
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Very few studies have been done on the cerebra metabolism of
BCAA under dtered physiological or pathological states while severa
studies were conducted on extra cerebral tissues such as muscle, heart
and diaphragm (Morgan et a., 1981; HutsonRannels1985; Tischler

& Goldberg 1981). Jessy (1988) reported that 14C02 production from BCAA was
suppressed in various celular and  sub-cellular  preparations in
hyperammonemic conditions. Shiota (1984) reported an increase in
the cerebral production of 14C0O, from [1-14C]leucine in rats treated
with carbon tetrachloride. Murthy et a., (1987b) reported a fdl in 14CO?
production from [U14C]- isoleucine and -vaine in both undifferentiated
and differentiated astrocytes in primary cultures in presence of 3 mM
ammonium salts. They also reported an enhanced production of 14CO2
from [Ul4C]leucine under chronic hyperammonemic conditions while
the 14CO2 production from [1-14C]leucine was suppressed in acute
conditions of ammonium acetate treatment. In neurons, chronic exposure
of anmonia lead to the suppression of 14C0O; production from [U-14C)-
valine and isoleucine. Jessy (1988) reported a fdl in the production of
14C0O5 fro™ [UI4C]-BCAA in synaptosomes and neurons while the same
was dightly enhanced in astrocytes. In mitochondria, production of
14C0O, was suppressed from [U14C]leucine and isoleucine while the same
was enhanced in the case of valine. Oxidation of leucine as indicated by
the production of 14C02 was reported to be enhanced in diabetic condi-
tions (Brosngn et al, 1985).

Though studies were done on the oxidation of BCAA under the
above said conditions, no reports are available oh this aspect in aging.
Though BCAA are functionaly important essential amino acids constitut-

ing 45% of the total essential amino acids, involved in many vita meta-



bolic reactions such as protein synthesis and energy production. 1n the
present investigation, an attempt was made to study the oxidation of
BCAA and production of [14C0O5] from labelled BCAA in sub-cellular and
cellular preparations isolated from young (1 month), adult (3 months) and
aged (24 months) rat brain cortex.

Production of CO» from the BCAA occurs in two stages Viz. (a) C-1
decarboxylation of BCKA mediated by BCKA-DH (b) further oxidation
of acetyl CoA and succinyl CoA in TCA cycle. These two stages of
COp production can be determined independently by using [14C)-
BCAA differentialy lypelled a different positions. If [114C]-BCAA are
used as substrates, the 14CO7 produced during C-I decarboxylation will
be labelled and the rest of the products will be unlabelled. If [U14C)-
BCAA are used as substrates, dl the products distal to the decarboxylation
reaction are also labelled. Thus, [14CO»] released from [U14C]-BCAA
would be the total sum of [14C0O7] produced from the decarboxylation
reaction and from citric acid cycle. In the present investigation, [U14C]-
BCAA were used to sudy the production of 14CO2.

Severad lines of evidence indicated that initiad decarboxylation
of BCKA (produced in the transamination reaction) is the regulatory
step in the metabolism of BCAA and the enzyme BCKA-DH is subjected
to activation and inactivation by dephosphorylation and phosphorylation
respectively and is aso regulated by severa modulators (Randle, 1983). It
appears that, of the total amount of BCKA produced, only a small
quantity is oxidized in brain while the rest are either reaminated or
transported out of the cell. JessyBMurthy 1993) reported that less than
10% of the BCKA produced in mitochondria will be retained and oxi-
dized in them while the rest of the BCKA are transported out and this



76

efflux. of BCKA was enhanced in hyperammonemic conditions. They
suggested that the efflux of BCKA would help in preventing excessive oxi-
dation and loss of carbon skeletons of BCAA. Brand (1981) reported that
30% ofthe BCKA produced in brain are oxidized to CO3 while the 70%
of BCKA are reaminated to BCAA, thus the carbon skeleton of these
essential amino acids is conserved.

140 Production in subcellular preparations:

Production of 14C0O» was studied in mitochondria and synap-
tosomcs isolated from different age groups of rats.

Before giving the details of the results obtained in the present study,
it is important to mention here that the expression of the rate of pro-
duction of [14CO5] obtained through out the studies were only the
nominal rates but not the absolute rates. This distinction between the
two terms is essential since the rate of CO» production was calculated
based on the specific radioactivity of BCAA in the incubation medium but
not on the specific activity of the endogenous pools of BCAA either in sub-
cellular or celular preparations. At the initial time periods of incubation,
when the endogenous pools of unlabelled BCAA are not replaced by the
labelled BCAA (from the incubation medium), much of the 14C0O> pro-
duced would be unlabelled. As the time of incubation progresses, equili-
bration of endogenous unlabelled pools of BCAA with the labelled BCAA
from the incubation medium aso increases till the endogenous pools are
completely replaced by the exogenous labelled pools of BCAA. Time
required for this process varies greatly for different types of cellular
and sub-cellular preparations due to the variations in the size of the endo-
genous pools (larger the pool size, greater the time required for the

replacement). Moreover, the rate of transport of BCAA aso determines
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the time required for the equilibration of these amino acids as the de
nova synthesis of these amino acids is negligible or amost absent. In
addition, the endogenous pools of amino acids undergoing different meta-
bolic transformations such as transamination, decarboxylation are segre-
gated in different sub-cellular compartments. For example, transamination
of BCAA occurs both in mitochondria and cytosol while the rest of the
metabolism of BCAA occurs in mitochondria. Under such conditions
different sub-pools (compartments) of these amino acids might be existing
within the cellular compartment and determination of which might be diffi-
cult as intermixing of these different sub pools (especially during homog-
enization) cannot be ruled out. Hence, the calculation of the absolute rate of
production of [14CO2]may not be possible under these conditions.

Preliminary standardization of [14C05] production from [U-14C]-
BCAA was carried out in sub-cellular preparations from the cerebral cor-
tex from rats aged 3 months. Results of these studies indicated that pro-
duction of [14CO>] was linear up to 200 pgrams of protein in both synap-
tosoma and mitochondrial preparations with dl the three BCAA
(leucine, vaine and isoleucine). Similarly, []4C07_] production was linear
up to 60 min of incubation time in both these preparations with dl three
BCAA. Hence, in subsequent studies, a protein equivalent of 100 pgrams
and atime period of 45 min were selected (Figures 17 & 18 A-C).

Kinetics of [14C0O5] production could not be studied in these prepa-
rations as the [14C0O»] production from [U14C]-BCAA does not occur
by a single reaction but by severa reactions (C-1 decarboxylation and
subsequent production of CO» in TCA cycle). Under these conditions, the
measured rate of [ ! 4C02] production might be an average of al the reac-

tions and the significance of the results might be difficult to assess.
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Hence, in the present study, 100uM BCAA was used along with glucose.
With &l the three BCAA, [14C0] production was found to be
higher in mitochondria (+79% with leucine,+135% with isoleucine and
+170% with vaine) than in synaptosomcs. Results of the present study
indicated, mitochondria have the capacity to oxidize dl three BCAA.
However, the rate of oxidation was observed to be different with different
BCAA. The rank order of the [14C0O] production from BCAA was found
to be valine > isoleucine > leucine, suggesting that valine is oxidized at a

greater rate compared to isoleucine and leucine (Table 13).

TABLE 13

AGE LEUCINE | ISOLEUCINE | VALINE
SYNAPTOSOMES | 131 10.2 1.3710.2 13 10.3
MITOCHONDRIA | 24+052 | 31044 35 + (.72

Production of [14CO3] from [U-14C]-BCAA in synaptosomcs and mitochon-
dria of 3 months-old rats. Vdues are Mean + S.D of 4 individud experiments
done in duplicates. [14C0,] production was expressed as nmoles/ mg. protein/hr
a:p< 0.001-

Such differences in the rate of oxidation of the BCAA might be
due to differences in the pool sizes and /or the nature of the intermediates
which enter into TCA cycle. Earlier studies on the transport (chapter 1)
indicated that rate of transport of leucine was at least 15 fold greater than
that of isoleucine, though the rate of [14C0O5] production was higher
with isoleucine than leucine. This suggested that the differences in the
pool sizes of these amino acids might be responsible for differences in the
rate of oxidation. The mitochondrial pool sizes of these amino acids was
not determined in the present study as these amino acids might be lost due

to leakage during the isolation process. However, pool sizes of these



79

amino acids can be estimated from the uptake studies. It is assumed that at
longer incubation times, the endogenous pool of the amino acid will be
completely equilibrated and replaced by the exogenously added amino
acid, which gives an approximation of the pool size. From these studies, the
pool size of isoleucine was found to be twice that of leucine.

Production of [14CO2] in synaptosomal preparations was in
agreement with earlier reports of Chaplin et al., (1976) and Jessy (1988).
Chaplin et a., (1976) reported that in addition to glid cells, neurons and
nerve terminals were aso involved in the oxidation of BCAA. This aspect
was further verified and supported by Jessy (1988) who reported the pres-
ence of both BCAA-T and BCKA-DH in neurona perikarya and nerve
terminals.

Production of [14C0O»] in mitochondrial preparation is not surpr-
ising as the enzymes involved in the BCAA metabolism were reported to
be localized in mitochondria. Presence of complete TCA cycle in mito-
chondria might aso facilitate the oxidation of the intermediates of
BCAA metabolism. Moreover, higher rate of [!4C0O7] production in
these preparations would ensure that BCAA are completely oxidized in
mitochondria

As it was mentioned earlier, that the transamination is the pre-
requisite for the oxidation of BCAA and a-KG is required for this proc-
ess. Thougli it was aready mentioned that glucose (10 mM) was provided
in the incubation medium, glucose can not be metabolized in mito-
chondria due to the absence of the enzymes of glycolysis in mitochondria.
In such a condition, the source of a-KG for the transamination reaction
IS questionable. One possibility might be that a-KG pool present in

mitochondria might have survived the isolation procedures and was



adequate enough to initiate the transamination of BCAA to synthesize
BCKA and glutamate. The glutamate so formed in the transamination
reaction should be able to generate the o-KG lost in the transamination
reaction by oxidative deamination (GDH reaction).

In this context, it is worth mentioning here that Williamson et
a., (1981) using isolated rat hepatocytes estimated that only 15% of
acetyl CoA produced from KIC enters into TCA cycle. In other words,
contribution of acetyl CoA moieties derived from leucine catabolism was
only 15% in the operation of one TCA cycle. This suggests that very
less amounts of acetyl CoA derived from BCAA are utilized for energy
production. Precise contribution of acetyl CoA generated from BCAA to
TCA cycle has not been determined for brain preparations. However, if
the same were to be true in the case of brain, then there would be an accu-
mulation of acetyl CoA derived from BCAA in brain. In bran, lipid
synthesis was higher at least in younger animals when compared to other
tissues, and part of acetyl CoA might be utilized for the synthesis of
cerebral lipids.

[14C0O2/Production from [U-14CJBCAAin Synaptosomcs and
MitochondriaasaFunction of Age:

Production of 14C0, from [U14C]-BCAA was studied in synap
tosomes and mitochondria isolated from the cerebra cortex of rats aged 1, 3
and 24 months. Results of these studiesreveaded severa changes in the
production of [14CO3] as afunction of age.

There was an over dl decrease in the production of [14C02] with
Increasing age in synaptosomcs isolated from the cerebral cortex. This
decrease was observed with dl the three BCAA. A comparison between 1

and 3 months age groups revesled a 49% reduction in the [14CO;5]



production with leucine, 28% with isoleucine and 520, with valine. A
comparison between 3 and 24 months age groups showed a 47% reduction
in the [14CO3] production with leucine as a substrate and no statistical
significance was noticed in the case of isoleucine and valine. The profile of
changes observed between 1 and 24 months age groups were statistically
significant with a 73% fal in the production of [14C0O5] with Icucine,
44% reduction with isoleucine and 68% decrease with valine in cortical

synaptosomcs (Table 14)

TABLE 14

AGE LEUCINE | ISOLEUCINE | VALINE
1MONTH | 2.7+0.3 18+03 2807
3 MONTHS | 136+ 0.148 13 +0.22 14+022
24 MONTHS | 0.7+0.01b.c| 101 +0.06¢ 09+01b

Production of [14C05] from [U-T4CJ-BCAA in synaptosomes as a function
of age. Vdues ae Mean £ S D of 4 individud expeiments done in duplicates
[14C02] production was expressed as nmoles/ mg_protein/hr Significance : a -
1 and 3 months, b— 3 and 24 months, c— 1 axd 24 months,

A comparative account of |l4(‘02] production from the three
BCAA within the same age group reveded an interesting pattern. In
one month age group, the rank order of [14C02] production was found
to be valine > leucine > isoleucine while in 3 and 24 months age group no
statistical significance was found in the oxidation of BCAA among the
three amino acids (Table 14).

Results of the present investigation in Synaptosomcs isolated
from different age groups of rats indicated that (a) age dependent altera-
tions in [14C0O5] production from [U!4C]BCAA were more pronounced
between 1 and 24 months age groups with the highest reduction being

found when leucine was used as a substrate followed by valine and



isoleucine (b) greater rates of oxidation were observed in the production
of [14C02] in younger age group (1 month) with valine and lcucine
as substrates, lowest with isoleucine, while no such differences were
noticed in latter age groups.

In mitochondria, production of [14C05] was found to be much
higher than synaptosomcs with dl the three BCAA. The profile of age
dependent changes in the production of | l4(“02] were found to be differ-
ent in mitochondria when compared to sSynaptosomcs. A comparison
between 1 and 3 months age group showed no dtatistically significant
changes in the production of [14(‘07_] with dl the three amino acids. A
comparison between 1 and 24 months and 3 and 24 months of age groups
showed a statistically significant decrease (50% and 60%) in the [!1CO3]

production with dl the three amino acids (Table 15).

TABLE 15
AGE LEUCINE | ISOLEUCINE | VALINE
1 MONTH 3+0.3 2.62 +0.3 3 +0.4
3 MONTHS | 236 +0.54a 3+04 3.5+0.7
24 MONTHS | 12 +02bc| 13+02bc | 1.6+03bc

production of [14C02] from [U-14C]-BCAA in mitochondria as a function of
age. Vaues ae Mean £ S.D of 4 individua experiments done in duplicates

[i4C02] production was expressed as nmoles/ mg. protein/hr Significance : a —
1 and 3 months, b— 3 and 24 months, c— 1 and 24 months

In brief, results of the present investigation indicated that there was
a significant reduction in the production of [14C02] from dl the three
[UI4CIBCAA in both Synaptosomes and mitochondria in rats aged 24
months when compared to younger age groups. These results on age
dependent alterations in the production of [14C0O»] in sub-cellular prepa-

rations of the brain could not be compared with the reports of earlier
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investigators as there were no reports on the age associated changes in the
oxidation of BCAA in brain.

Studies on the oxidation of BCAA in these preparations indicated a
differential metabolism of BCAA in different brain preparations. Nerve
terminals, being the part of neuronal cells, have their own synaptoplasm
and synaptic mitochondria. Mitochondria used in the present study were
mostly of non synaptic origin, derived from neurona cel bodies or glial
cells. Hence, it was fdt worth to study the oxidation of BCAA in whole
cell preparations having dl the sub-cellular components, to gan more
insight into the metabolism of these amino acids. Hence, studies on
the oxidations of BCAA were extended to neurons and astrocytes isolat-
ed from the cerebral cortex of rats aged 1, 3 and 24 months.

[14C0>] Production from [U-14CJBCAA in Neurons and
Astrocytes :

Preliminary standardization of [ 14C0O5] production was carricd out
in cortical neugons and astrocytes 3 months-old rats. With dl the three
amino acids, l14C02] production was linear up to 250 pgrams of neuronal
protein and 500 pgrams of astrocytic protein and till 60 min of incubation
time in both neurons and astrocytes (Figures 19 & 20 A-C). In subsequent
studies, protein equivaent of 250 pgrams and 45 min of incubation time
were selected.

Production of [14C0O5] was found to be higher in astrocytes than in
neurons with al the three BCAA. In both neurons and astrocytes,
[14C0»] production from isoleucine and valine was higher from leucine
(Table 17).



TABLE 17
AGE LEUCINE | ISOLEUCINE | VALINE |
NEURONS | 09+0.1 143402 18402 |
ASTROCYTES | 174022 | 224028 | 22440.17 ||

Production of [14CO;] from [U-14C]-BCAA in neurons and astrocytes in 3
month-old rats. Vadues are Meen £ S D of 4 individud experiments done in
duplicates. [14C0,] production was expressed asnmoles/ mg protein/hr p -~ 0 01

An over dl comparison of [14C02] production from [UI4C|BCAA
In neurons, astrocytes, synaptosomcs reveded an interesting pattern.
[14CO37] production was highest in astrocytes followed by synaptosomcs
and neurons with al the three BCAA used. The rank order of [11CO3]
production with leucine was found to be astrocytes > synaptosomes >
neurons, while with isoleucine it was found to be astrocytes > neurons -
synaptosomcs. Valine showed an order of astrocytes > neurons > synapto-
somes. Higher rate of production of [14C0] astrocytic preparation than the
rest of the two preparations might be due to either preferential oxidation of
BCAA in these preparations than neurons and nerve terminals. Morcover,
according to the theory of metabolic compartmentation BCAA are
preferentially oxidized in the smal pool of glutamate supposed to be
localized in astrocytes and the activities of the enzymes of BCAA meta
bolism were reported to be high in these preparations (BerlgClarke 1969,
Jessy, 1988). Lower rate of oxidation in neurons might be due to the less
availability of these amino acids than the other two preparations. This
was evident from the studies of previous chapters that the rate of trans-

port of BCAA were lower in neurons than astrocytes and synaptosomcs.
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[14C0>/Production in Neurons and Astrocytes as a / ction
of age:

Age dependent aterations were observed in the prodi. ton of
[14C07] inneuronsand astrocytes. There was an overal decred .« in the
production of [14CO5] from dl the three [U-14CIBCAA in rats «ed 24
months when compared to younger age groups.

In neurons, a 30-50% reduction was observed in thep: luction
of 14CO, withdl the three BCAA between 1 and 3 months;: | 3 and
24 months age. A similar reduction in [14C0O»] production was oh 1 ved in
astrocytes of these age groups. A comparison between 1 and 2 1 months
age groups showed a more pronounced decrease in the [14CO> | produc-
tion with a magnitude of 60-70% in both neurons and astrocytes with
three BCAA as substrates (Tables 18 & 19).

Overall changes in both cellular and sub-cellular prepaiations in
the production of [14CO»] revedled interesting results. A coiparison
between 1 and 3 and 3 and 24 months age groups for dl ti.. three
amino acids showed an average reduction of 40 £ 10% in dl tiic celu-
lar and subcellular preparations with the exception of isoleucine 1 mito-
chondria

A comparison between 1 and 24 months age groups showed a
further decline in [14CO7] production and the average magnitude of
decrease was found to be 65 £ 15% with a highest reduction being 80%
for leucine in the mitochondria of 24 months age. This overal compari-
son in.[14C0O7] production indicated that, in al the preparations, the
magnitude of decrease is more or less smilar with very few exceptions

(Tables 14 & 15; 18 & 19).



TABLE 18
AGE LEUCINE | ISOLEUCINE | VALINE |
I MONTH | 149+0.18 | 2.04+009 | 262+0.18 |

3 MONTHS | 087+0.11 143+0.169 1.8+02a |
24 MONTHS | 0.5+0.15¢ [ 088+0.13¢ | 0.9+0.1b.¢ |

Production of [T4CO,] from [U-T9C}-BCAA in neurons as a function of age.
Vaues are Mean + S.D of 4 individud experiments done in duplicates. [14C 0]
production was expressed as nmoles/ mg protein/hr. Sgnificance: a-—» 1 and 3
months, b— 3 ad 24 months, c— 1 and 24 months

TABLE 19
~ AGE LEUCINE | ISOLEUCINE | . VALINE |
IMONTH | 26404 30203 362012

3MONTHS [ 1.7+0.168 | 21740238 | 2.24+0.22
24 MONTHS [ 0.9+ 0.15¢ | 1.33+0.135¢ | 1.540.01b¢

production of [14C0O5] from [U-14C]-BCAA in astrocytes as a function of
ag® Vdues ae Meen = SD of 4 individud experiments done in duplicates
(14C02] production wes expressed as nmoles' mg protein/hr. Significance ; a—>
1 and 3 months, b— 3 ad 24 months, c— 1 and 24 months

Survey of the literature on the cerebral metabolism of BCAA is
rather disappointing. Many reports are available on BCAA metabolism in
extra cerebral tissues such as heart, liver, diaphragm and skeletal muscle
whose metabolism is different from brain. Earlier studies by Jessy (1988)
indicated that synaptosomcs, mitochondria, neurons and astrocytes are
capable of oxidizing BCAA. Values obtained by Jessy (1988) were found
to be lower in dl the preparations (except the values obtained with valine
in neurons) than the values of the present study. Such discrepancies in the
values might be dueto (a) she studied [14CO2] production in 6 months
old rats Where as presently studies were carried out in 1, 3 and 24 months
age groups and age dependent differences in the production of [14CO3]
can not be ruled out. (b) In the present study, medium and the.ceIIuIar

and subcellular preparations were thoroughly oxygenated prior to the
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experiments while thiswas not carried out by Jessy.

Decreased production of [14C0»] from [UI4C]BCAA in older age
groups might be due to (a) decreased availability of these amino acids at
the dte of metabolisn (due to decreased transport of BCAA) as the
replenishment of tissue BCAA pool is solely due to the transport of BCAA
from the extracellular environment and not by the de nova synthesis of
BCAA (b) decreased activities of the enzymes involved in the metabolic
conversion of BCAA, ether by way of decreased synthesis of enzyme
molecules or increased degradation (c) decreased availability of sub-
strates other than BCAA (such as o-KG and oxaloacetate) and cofactors
(such as pyridoxal-5-phosphate, thiamine pyrophosphate) etc. which are
required for the metabolism of BCAA (d) suppression of glucose metabo-
lism as a result of which availability of TCA cycle intermediates would
be reduced and (€) reduced operational rates of TCA cycle to oxidize the
products such as acetyl CoA and succinyl CoA generated in the meta-
bolism of BCAA.

It was mentioned previousy BCAA are transported into brain both
by high and low &ffinity carrier mediated transport systems. It was aso
mentioned earlier that the former system is a low capacity transport sys-
tems operating at pumolar concentrations and the latter systems were high
capacity system transporting relatively large amounts of BCAA into brain
along with other neutral amino acids. High &ffinity transport systems were
suggested to have a role m transporting minima quantities of BCAA
which might be utilized for essential functions such as protein synthesis
(Rao and Murthy, 1994). Amount of BCAA transported by high affinity
transport systems might not be adequate for channelling them into the
degradative pathway in brain. The low &ffinity system that transports
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BCAA in large amounts was shown to be present in al the brain prepara-
tions including mitochondria. This system was suggested to be involved in
s"Pplying BCAA required for the metabolic conversion of these amino
aclds. Presence of low affinity transport systems for BCAA in mitochon-
dria aso supports such a concept. Different roles suggested for high and
low affinity transport systems of BCAA was akin to that assigned for
other substances such as choline wherein the high affinity transport sys-
tems were involved in the synthesis of acetylcholine and the low affinity
transport systems were primarily involved in the synthesis of lipids
(Smon  etal, 1976).

Previoudly, it was shown that the transport of BCAA (both high and
low affinity transport) was decreased in older age groups of rats when
compared to younger age groups in dl the brain preparations. Under such
conditions, availability of BCAA to tissue to carry out norma metabolic
functions might also be lowered. This might lead to the reduced production
of BCKA and further oxidation of BCKA might also be lowered. Hence,
the decreased rates of production of ['4C()2] from BCAA in the brains of
older rats might be related to the lowered rates of their transport in these
animals.

Decreased activities of enzymes might be responsible for the
metabolic conversion of BCAA into keto acids and their further oxidation
to CO7. It was mentioned earlier that transamination was a pre-requisite for
the production of BCKA in brain. Preliminary studies performed on the
activity levels of BCAA-transaminase in homogenates of 6 different brain
regions was found to be reduced with age (Tables 20- 22). This might lead
reduced production of BCKA, hence their further oxidation. Decreased
activity of this enzyme in older age groups might be due to decreased syn-
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thesis of new enzyme molecules or synthesis of inactive or less active

enzyme molecules.

TABLE 20
AGE CC CB BS HC CS
10DAYS | 336+20 | 226 +45 | 515 +45 | 442 +27 | 3474 16
1 MONTH | 370 +30 [ 341 +45b| 687 + 41 [ 374 + 15%]| 345+ 22
3 MONTHS | 330 £40 | 397460 | 740435« | 302431+ | 342140
24 MONTHS | 253 30+ [ 192 +110 | 393 24 [ 204 +30s [ 182 +20w
TABLE 21
AGE CcC CB BS HC CS
10DAYS [ 295423 | 260+18 | 624+62 | 350426 | 467426
1 MONTH [ 377434% | 385437% | 738+17% [ 291+44b | 2884200
3 MONTHS | 450430+ | 423+32» | 876140 | 394118> | 546413
24 MONTHS [ 241+43v | 3104250 [ 447442 | 260+24% | 231420
TABLE 22
AGE CC CB BS HC CS
10DAYS | 379451 | 432+39 | 1015470 | 606+53 | 63332
1MONTH | 483220 | 523454 | 1102443 | 580413 | 551461
3 MONTHS [ 659431 | 550447+ | 1220440+ | 56370 | 70845
24 MONTHS | 290440 | 307430 | 824460t [ 38028 | 391430

Age dependent changes in
activity with leucine (Table 20), isoleucine (Table 21) and valine (Table 22).
Values are Mean + SD of 4 individua experiments done in duplicates.
Enzyme was expressed as nmoles/gm. wet. wt/min. SIGNIFICANCE: a=
when compare to 10 days; b = when compared to previous age group. CC=
Cerebral Cortex, CB= Cerebellum, BS= Brain Stem, HC= Hippocampus,

CS= Carpus Striatum

branched-chain amino

acid aminotransferase




Severa studies have been conducted in the past by measuring the
activity of this enzyme in homogenates (Rao et d., 1982 Jessy and
Murthy, 1985; Jessy, 1988) or in sub-céllular preparations (Brosnon et
a., 1985, Jessy, 1988). However, it must be mentioned that mere measure-
ment of enzyme activities might not represent the actual flux of substrares
through a metabolic pathway. This is due to the fact that the conditions
(substrate concentration, pH and cofactors) employed for the enzyme assay
are always maintained at optima! level. Such a situation might not exist in a
cell. Under in vivo conditions, the concentrations of substrate and cofactors
are always sub-optima and their availability is governed by the operational
rates of the transport systems, pool sizes and metabolic pathways that share
a common substrate.

Another approach which is more close to the in vivo state is to incu-
bate a cellular or subcellular preparation with the substrate and determina-
tion the enzyme activity by incubating the samples with a known concen-
tration of labelled BCAA and the estimation of the labelled BCKA pro-
duced . This method would be close to the in vivo activities of the enzyme
as the barriers for the entry and exit of substrate might be intact and the
reactions utilizing other substrates and cofactors are also functiona (Brand
1981). Very few studies were done in the past along these line in brain
tissue though most of the in wivo studies were conducted on the extra-
hepatic tissues such as muscle (Wolfe et a., 1981, NissenMoreyl 981).

Hence, in the present investigation, studies were also conducted on
the production of [l4C-KIC] from [Ul4C]leucine in subcellular
(synaptosomcs and mitochondria) and cellular preparations (neurons
and astrocytes) isolated from the cerebral cortex of 3 age groups of rats. ~

Production of [14C-KIC] from [U14C]leucine showed interesting
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results in cellular and subcellular preparations. A comparison between the
rate of [14C-KIC] production and its subsequent oxidation and produc-
tion of [14CO,] indicated that the rate of [14C-KIC] production was found
to be higher than its oxidation as indicated by the rate of [ 14C02] produc-
tion in dl the above preparations. This indicates that keto acids from BCAA
are produced far in excess than their oxidation which in turn indicates
that the rate of transamination of BCAA might be very high when com-
pared to the subsequent enzymatic reactions in the BCAA catabolism.
An approximate ratio of transamination to oxidation of BCAA (rate of CO?
production) in the present study indicated between 20-25% in synap-
tosomes, neurons and 40% in mitochondna and astrocytes. These results
on the ratio of keto acid production to its oxidation, is in accordance
with that of Brand (1981) who reported that 30% of BCKA produced in
brain from transamination of BCAA might be oxidized while the 70% of
BCKA might be transported out of the brain and/or reaminated to BCAA
(Jessy and Murthy, 1993).

TABLE 23
AGE SYNAPTOSOMES | MITOCHONDRIA
1 MONTH 8.03 +0.8 6.21 + 0.84
3 MONTHS 752412 6.28 +0.48
24 MONTHS 4.17 +0.55b.c 3.98 + 0.3b.c

Production of [ C]KIC from [U-14C]leucine in synaptosomcs and mito-
chondria in young, adult and old rats. Vaues are Mean = S.D of 4 individua
experiments, [14C-KIC] production was expressed as nmoles/mg. protein/hr
Significance: a — between 1 and 3 month, b — between 3 and 24 months ¢ —

between 1 and 24 months

Age dependent changes in the [14C-KIC] production in

synaptosomcs and mitochondria indicated an overall reduction in 24 months



age group of rats when compared to 1 and 3 months. A comparison
between 1 and 3 months age groups showed no significant changes in the
[14C-KIC] production in both synaptosomcs and mitochondria while, a
comparison between 3 and 24 monthsand 1 and 24 months showed a fdl -

45% in synaptosomcs and a reduction of -37% in mitochondria (Table 24)

TABLE 24
S NO AGE NEURONS ASTROCYTES
1 1 MONTH 434 + 11 109+ 1
2 3 MONTHS 324 + 05 11+ 12
3 | 24 MONTHS 1.9 +0.24b.c 8.7 + 1.05b.¢

Production of ( C]KIC from [U-14C]leucine in neurons and astro-
cytes in young, adult and old rats. Values are Mean = SD of 4 individual ex-
periments. [!4C-KIC] production was expressed as nmoles/mg protein/hr  Signifi-
cance: a— between 1 and 3 month, b — between 3 and 24 months ¢ — between 1
and 24 months

Similar to the above results in subcellular preparations, a reduction
in the production of KIC in both neurons and astrocytes was observed in
older age group of rats when compared to younger age groups. A com-
parison between young and adult age groups showed no significant
changes in [14C-KIC] production in astrocytes, while it was sightly
reduced in neurons. A comparison between 1 and 24 months showed a

fdl in the production of KIC in both the preparations (Table 25).

Results of the [14C-KIC] production in dl these preparations indi-
cated decreased production of the same in older age groups of rats when
compared to younger age groups. These results were in concurrence with

the measured activities of BCAA-T (Table 20-22; p. 89).
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Another possibility suggested (cf. p 87) for the decreased production
of [14C0O5] from BCAA was that the activities of the enzymes and the
operational rates of TCA cycle might be reduced resulting in reduction in
the processing of acetyl CoA (generated from leucine) and the availability
of a-KG for the metabolism (transamination) of this amino acid. Though
the activities of the enzymes and the operational rate of TCA cycle were not
measured in the present study, there are evidences that these two are
decreased in aging.

Recently, Turpeenoja et a., (1988) reported both quantitative
and qualitative changes in cerébra mitochondnal proteins during aging.
They also reported that these changes were more pronounced in the inner
membranes of mitochondria which synthesize enzymes involved in the
metabolism of various amino acids. They suggested that the decreased
synthesis of the inner membrane proteins might be due to the alterations
in nuclear and/or mitochondrial genome.  Since th: BCKA-DH, a rate
limiting enzyme in BCAA metabolism, is aso localized in the inner
membrane of mitochondria, such age associated changes in mitochondrial
proteins might also ater the synthesis of this enzyme.

It was dready mentioned earlier that production of CO2 from
BCAA occurs at two stages i.e, (a) C-1 decarboxylation of BCKA by
BCKA-DH and resulting branched-chain acylCoAs which are further
metabolized to acetyl CoA (leucine and isoleucine) and succinyl CoA
(isoleucine and valine) (b) these compounds enter into the TCA cycle and
are oxidized. Hence, the second stage of CO, production occurs in
TCA cycle. Under these conditions, any alterations in the operational
rates of TCA cycle might also affect the CO production from BCAA.

Earlier reports indicated age associated changes in the operational



rates of TCA cycle and levels of TCA cycle intermediates in brain.
Rapoport et a., (1982) reported that regional cerebral metabolic rate for
glucose had a biphasic response in which the metabolic rate increased
between 1 and 3 months age and declined between 3 and 12 months age
and remained constant up to 24 months age. Smith et al., (1980) reported a
25% reduction in the glucose utilization in cerebral cortex and this was

more pronounced in other areas of brain. Hoyer (1981) reported

that cerebral glucose utilization decreased 15 times in rats between 6 and
12 months age and no further significant change in Cerebral Metabolic
Rate for glucose (CMRglu). They aso reported a decline in the levels of
glucose, glucose-6- phosphate, pyruvate, lactate, malate, creatinine, and
ATP levels while ADP levels were reported to be increased in brains of
older age groups of rats. Patel (1977) reported a diminished oxida-
tion of glucose by 40% in cerebral cortex ofrats aged 24 months. Benzi
et al., (1979) reported decreased activities of LDH, MDH, NADH-Cyto-
chrome reductase in aged rat brain while Iwangoff et a., (1999 re-
ported a moderate decrease in the glycolytic enzymes in different regions
of rat brain during old age.

All the above reports indicated a decrease in the operational
rates of cerebral glucose metabolism. This might result in diminished
operation of TCA cycle which might be due to the synthesis of inadequate
levels of intermediate compounds or diminished activities of enzymes of
TCA cycle. It was mentioned earlier, that metabolism of BCAA is closely
coupled to glucose metabolism and glucose is known to stimulate BCAA
oxidation. Moreover, end products of BCAA metabolism (acetyl CoA and
succinyl CoA) might modulate the flux of carbons through TCA cycle
(Odessy et a., 1974). Under such conditions, alterations in the glucose



utilization in older age groups of animals would affect BCAA oxidation
and production of CO? . As a result, acetyl CoA and succinyl CoA pro-
duced from BCAA might not be efficiently oxidized in TCA cycle. This
might even lead to the accumulation of these intermediates. It is well known
that accumulation of these metabolites might exert feed back inhibition not
only on BCKA-DH but aso on other related dehydrogenascs such as PDH
and a-KGDH and suppress oxidation of keto acids including those pro-

duced from BCAA (Randle 1983).

As mentioned above, no direct measurements were done on the
activities of the TCA cycle enzymes or the operationa rates of this cycle.
However, two parameters viz. incorporation of labe from leucine into
lipids and into glutamate were determined which provide information on
the operational rates of TCA cycle.

It was mentioned earlier that the reduced production of CO» from
BCAA in aged animas might be due to the decreased activities of the
enzymes involved in their metabolism. It has been shown that BCAA-T, the
initial enzyme of the degradative pathway, was decreased resulting in the
lowered production of BCKA. However, this does not reveal the status of
the down stream degradation of KIC to acetyl CoA in aged animals. In
order to study this aspect, incorporation of acetyl CoA, the end product of
KIC degradation, into lipids was determined.

It must be mentioned that the important precursor for the synthesis of
cerebral lipids is glucose (Dopeshwarker et a., (1979). However, alter-
nate sources for the synthesis of cerebral lipids have been identified by
severd investigators. These include, ketone bodies such as acetoacetate
and P-hydroxy butyrate (Owen, 1967), branched-chain amino acids
(Stillway et d 1978).
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Studies of Dopeshwarker et al . (1978), Miettenin et a.. (1968,
Stillway et d., (1978). Grigor et al., (1970), Smith (1974) indicated
that branched-chain amino acids are mgjor alternate precursors for the
Synthesis of brain lipids. These authors reported that carbons of branched
chain amino acids especialy, leucine were incorporated into cholesterol,
free fatty acids, phospholipids axd to some extent glycolipid. P-
Hydroxy-methyl glutaryl CoA (HMG CoA), an intermediate in the
catabolism of leucine was found to be a direct precursor for the synthesis
of cholesterol in brain (Stillway et al., 1978).
| ncorporation of /J3H/Leucine into Cerebral Lipids:

Presently incorporation of label from [3H]leucine into cercliiral lipids
was studied in 4 different age groups of rats. Preliminary studies with
intraperitoneal injection of label into the animal, especially mto adults,
resulted in negligible incorporation of the label into brain lipids. 1 his might
be due to the fact a large portion of the injected label was being utilized by
muscle and very smal amount of the label might be reaching the brain.
Under such circumstances, the acetyl CoA generated from leucine might be
diluted with the acetyl CoA from glucose. Studies with intravenous
injection, though were feasible with adult animals, were difficult to perform
with young/neonatal animals. Hence, to maximize the availability of label
to the brain, 10 1Ci/100 gm body wt. of [3H]leucine was injected into the
brain through a canula implanted into the skull. Different classes of lipids
(cholesterol, phospholipids and glycolipids) were extracted and the amount
of label .incorporated was determined along with their content.

Results obtained in the present study on the content of cholesterol,
phospholipids and glycolipids (Tables 25-27) were found to be similar to
that of earlier investigators ( Cabezas et a., 1991]).
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Studies on the incorporation of label 1nto these lipids indicated
that the label from leucine was equally distributed into cholesterol, phos-
pholipids and glycolipids a a given age group, except in glycolipids in 10
days old rats (Tables 25-27). This was in accordance with the earlier
reports of Dopeshwarker et al., (1979).

Age dependent alterations were observed in both the content as
well as incorporation of labe into al these lipids. Cholesterol content
was increased consistently with increasing age, while no significant
changes were observed in the content of phospholipids. Glycolipid content
was very low in 10 days old rats, while it consistently increased in latter
age groups of rats. These results indicated that alterations observed as a

function of age were different for different classes of lipids (Tables 25-27).

TABLE 25
AGE CONTENT SPECIFIC ACTIVITY
(mg/gm. wt dpm/ mg. cholesterol
10 DAYS 4.65+0.88 367 + 96
1 MONTH 7.96 + 0.5b 284 + 15
3 MONTHS 10.6 + 0.2ab 304 + 6
24 MONTHS | 20. 8 + 3.6ab 162 £+ 22ab
TABLE 26
AGE CONTENT SPECIFIC ACTIVITY
(mg / gm. wt) dpm/ mg phospholipid
10 DAYS 20+ 14 235+ 32
1 MONTH 18 + 13 161 + 20b
3 MONTHS 25 +3.0 161 + 25
24 MONTHS 23+ 10 140 + 23a

Age dependent changes in the cholesterol (Table 25) and phospholipid
content (Table 26) and the incorporation of leucine carbon into these lipids.

Values are Mean + SD of 4 different experiments. Significance : a — when
compared to 10 days animals, b — when compared to previous age group.



Results of the present investigation, corroborates with the results

of Singh and Rao (1979) who increased cholesterol and

reported
phospholipid contents in older chick brains. Increased cholesterol content in
rats of 24 months age groups was aso reported earlier by Nagy et a.,
and decreased

phospholipid ratio of

(1983). They suggested that the increased cholesterol
phospholipid contents might alter the cholesterol
the cerebral membranes as a result of which the physico-chemica
properties of the membranes might be altered. They suggested that under
such conditions membrane fluidity i1s decreased while its viscosity is
increased. Moreover, altered contents of cholesterol and phospholipid also
affect the lipid-protein interactions and the orientation of proteins in th
membrane. Such changes in the membrane would ater the membrane
associated phenomenon such as transport. One of the reasons for the
decrease in the transport of BCAA in the aged animals, observed in the
present study, might be due to the changes in the cholesterol to phosopho-

lipid ration of the membranes in the aged animals.

TABLE 27

AGE CONTENT Sp. ACTIVITY
(mg / gm. wt) (dpm/ mg
glycolipid)
10 DAYS 1.47+ 0.2 953 + 55
1 MONTH 5.98+ |b 257 + 58b
3 MONTHS 95 + 1.4ab 246 + 182
24 MONTHS 131 + 1ab 269 + 334

Age dependent changes in the glycolipid content and the
incorporation of leucine carbon into glycolipid. Values are Mean £
S.D of 4 different experiments. Significance : a— when compared
to 10 days animals, b — when compared to previous age group.
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Results of the incorporation of label from leucine into cholesterol
revealed a reduction in older age groups of rats when compared to younger
age groups. Incorporation of label into phospholipids was higher in 10
days old rats and decreased in the remaining age groups. Interestingly, the
incorporation of labe into glycolipids was very high in 10 days old rats
while it decreased in the remaining age groups. Overal decrease in the
incorporation of label into lipids con finned the reduced metabolism of
BCAA and the production of acetyl CoA in older age groups when
compared to younger age groups.

It is well known that acetyl CoA, irrespective of the source, once
formed aso enters the TCA cycle where its carbons are distributed into
various intermediates and are findly oxidized. However, it has been shown
that the carbons of TCA cycle intermediates, especidly of a-KG, are in
equilibrium with the carbons of the glutamate family (glutamate, aspartate,
glutamine, alanine and GABA) of amino acids in brain (Baazs et al.,
1970). It has been reported earlier that the carbons of leucine are
incorporated into glutamate (Cremer et al., 1975). This is possible only if
the carbons of leucine are converted to acetyl CoA, enter into TCA cycle
and are distributed among various intermediates of the cycle including a-
KG.

It has been reported that the operational rates of TCA cycle (results
of earlier investigators, cf. above) and production of CO> from BCAA
(present study) are decreased in aged animals. Under such conditions, the
entry of labelled carbon from leucine into glutamate should aso be
reduced. To verify this tenet, synaptosomcs, were isolated from the cerebral
cortex of 3 different age groups of rats and incubated with 100 puM
[U14C]-leucine (0.5uC1) for 30 minutes Incorporation of label from
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leucine into glutamate was determined as described 1in methods.

Before describing the results of this study, it must be mentioned that
incorporation of labelled carbons from leucine into glutamate does not
represent net synthesis while the same process from valine and isoleucine
represent the net synthesis. "This is due to the fact that the carbons of acetyl
CoA (generated from leucine) are merely distributed into the intermediates
of citric acid cycle and they do not alter the levels of these intermediates.
However, the latter two amino acids produce succinyl CoA and thus add to
the net flow of carbons in the citric cycle.

It is well known that in brain, glutamate exists in two pools - small
pool (located in glid cells) and large pool (located in neurons).
Incorporation of carbons of leucine into glutamate;

Results of the present study indicated that the carbons of leucine
were incorporated into glutamate in nerve terminals (Synaptosomcs)
indicating the precursor nature of leucine for the synthesis of gluta
mate in nerve terminals. However, incorporation of carbons of leucine into
glutamate family of amino acids were shown earlier (C‘remcriLl ‘3%)) but
present results may not provide any information whether the label from
leucine was incorporated into releasable or non-releasable pool of gluta-
mate as studies were not conducted under depolarizing conditions.

Age dependent decline in the incorporation of leucine carbons
into glutamate was more pronounced in 24 months age groups when
compared to younger age groups In nerve terminals . A comparison
between 1 and 24 months showed a significant decrease (-54%) in the
incorporation while a comparison between 1 and 3 and 3 and 24 months age
groups showed no dignificant changes in the incorporation in synapto-

somal preparations (Table 26).
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TABLE 26

. AGE | Sp ACTIVITY |
- _dpm/mg. protein/hr
1 MONTH 7116 + 1000
3 MONTHS 5600 +650
| 24 MONTHS | 3938 +253b.¢

Values are Mean + SD of 3 (hffuunexperlments done in
duplicates. Significance : a— between 1 and 3 months, b —
between 3 and 24 months, c¢— between | and 24 months.

Decreased incorporation of label from leucine into glutamate might
be explained in terms of reduced production of BCKA (thus, acetyl CoA)
and its subsequent utilization in TCA cycle. This might be due to the reduc-
ed synthesig/activities of the enzymes and levels of intermediates of TCA
cycle, as described above.

It is well known that in brain, glutamate exists in two pools - a small
pool (possibly localized in astrocytes) and a large pool possibly locaized in
the neurons. The latter pool 1s known to have another sub-pool from which
glutamate is released on neurona depolarization. This pool is called the
releasable (neurotransmitter) pool while the rest of the large pool is known
as metabolic pool (Berl&Clarkel 969: Van den Berg, 1976 Benjamin and
Quastel, 1974). It was earlier suggested that leucine is preferentially used in
the smdl pool ( astrocytic) as a precursor for the production of glutamate.
However, results of the present study indicated that the synaptosomcs,
which form a part of the large compartment of glutamate, were also capable
of producing glutamate from leucine. This is in conformity with the results

of the present study and those of earlier investigators (Chaplin et al., 1976;
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Jessy, 1988; Jessy and Murthy, 1989) that neurona preparations are
capable of oxidizing leucine and other BCAA. However, results of the
present study fal to indicate the precise localization of this glutamate in
the neuronal (large) compartment, i.e., releasable pool or metabolic pool.

Results of the present study indicated that transport and metabolism
of the BCAA are reduced in aging. This might be physiologically signifi-
cant as the energy demands in senescent period might be lower when
compared to younger age groups due to cessation of most of the activities
such as reproduction, exploratory behavior etc. Such progressive degen-
eration of norma performance of organs during senescent penod might
impose less demand on energy stores. Under such conditions, there might
be an inherent negative feed back on the catabolism of compounds
such as glucose and amino acids. This might prevent precursors undergoing
excessive metabolic conversions and spare them for essential pathways.

In addition, it was shown earlier that BCAA transport was aso
decreased with age. Hence, less amount of these amino acids would be
available to the tissue. Under such conditions, if the rate of oxidation is not
decreased, then most of these amino acids entering the cell would be oxi-
dized and might not be available for essential functions. Thus, it appears
that the reduced oxidation of BCAA in aging might be a physiological
adaptation to the lowered intake of food and availability of essential amino

acids to the tissue.
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BCAA metabolism was studied with respect to aging in various
cerebral preparations such as nerve terminals (Synaptosomcs),
mitochondria (non-synaptic), neurons and astrocytes.

Results of this study revealed the presence of a novel high affinity,
low capacity transport system for BCAA in nerve terminals, neurons
and astrocytes but not in mitochondria.

In addition to the above, a low affinity high capacity system for the
transport of these amino acids was identified in dl the cerebra
preparations including mitochondria.

Both these systems were further characterized. High affinity
transport systems had a low Km (2 to 3 order of magnitude) less than
the low &ffinity transport system, suggesting that this carrier would
be saturated at very low concentrations of BCAA.

The rate of transport (Vmax) of the high affinity transport system
was very low (100 fold) when compared to that of low affinity
transport system. In other words, the high affinity system acts as a
low capacity sysem while low affinity system acts as a high
capacity system for the transport of BCAA.

High affinity transport system requires sodium for the transport
while low affinity transport system is not sodium dependent.

Both these transport systems are stereo-specific as indicated by the
lack of effect of BCH (a leucine analogue) and D-leucine.

It is suggested that high affinity transport systems of BCAA might be

involved in maintaining adequate amounts of essential amino acids
in tissues when their supply is very low (as seen in prolonged

starvation, undernutrition and malnutrition). Thus, an additional
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function has been assigned to the high affinity transport systems
which were thought to be involved in the termination of action of
amino acid neurotransmitters (glutamate and GABA).

The tenet that presence of high affinity transport systems for the
transport of essential amino acids (BCAA) was further confirmed by
demonstrating the presence of a similar system for methionine.

A comparison of the transport indicated that the rate of this process
is high in mitochondria than in synaptosomcs. Such high rates of
transport into former preparations may be required to support the
greater rates of metabolism of these amino acids.

A similar comparison between neurons and astrocytes revealed that
the rate of transport was higher in the latter cel types than in the
former which i1s commensurate with the concept that astrocytes
(representing the smadl pool of glutamate) are seats for the
metabolism of BCAA.

Age dependent studies indicated that Km and Vmax of the transport
process declined with age in al the preparations.

It is suggested that the decreased Km (increascd affinity) in older age
groups might be an adaptation to decreased food intake (thus
lowered supply of BCAA) in aged animals. Under such conditions,
transporters with low Km (high affinity) would be more efficient in
transporting these essential amino acids than a system with a high

Km (low affinity).

‘Decreased rate of transport in aged animals is in concurrence with

the reduction in the rate of metabolism of BCAA (see below).
To study the metabolism of BCAA, CO» production from [U-14C]-
BCAA was measured in these cerebral preparations. Higher rate of



(16)

(17)

(18)

(19)
(20)

14C0O5 production in mitochondria was in agreement with the
localization of enzymes of BCAA metabolism in these preparations.
Similarly, higher rate of CCb production in astrocytes than in
neurons was in agreement with the theory of metabolic
compartmentation.

Production of 14C0, in al these preparations was reduced in aged
animals. this might be due to (a) decreased transport (b) decrease in
the production of BCKA and ther further metabolism and (c)
decrease in the operational rates of TCA cycle Reduced rate of
transport has aready been reported.

Activities of BCAA-T, initid enzyme of BCAA metabolism
responsible for the production of BCKA, were found to decrease in
the brains of aged animals.

Production of BCKA from labelled BCAA with respect to aging was
studied. It was observed that BCKA production was far in excess of
their rate of oxidation. Hence, it was suggested that BCKA may be
transported out of the cell and utilized by other cells of brain or other
tissues (1f transported out of the tissue).

Rate of production of BCKA was aso decreased with age.

Down stream of degradation of BCKA, resulting 1n the production of
acetyl CoA was measured by following the fate of acetyl CoA in
brain. In brain, acetyl CoA is utilized in (8) TCA cycle (resulting
CCb production) (b) incorporation into lipids (c) other minor
reactions (such as synthesis of acetylcholine). It has aready been
shown that CO, production from BCAA, thus the oxidation of acetyl
CoA produced from BCAA was reduced in aging.
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Incorporation of BCAA carbons into cerebral lipids as well as into
amino acids such as glutamate was reduced in aged animals.

Above studies are indicative of reduced metabolism of BCAA in
aged animals. As suggested, this might be a physiological adaptation
as it spares these essential amino acids for other vitd reactions such
as protein synthesis. This is especially important when the in take of

food (thus BCAA) is reduced in senescent animals.
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Abstract

High affinity uptake systems have been identified for the transport of lcucine, isoleucine and methionine in synaptosomes hut not
in the mitochondria of rat cerebral cortex. These systems were found to be different from the conventional low affinity uptake systems
in terms of their afinity, sodium dependency and the rale of transport. As these amino acids have no ncurotransmitter function.
it is suggested that high affinity uptake systems might be involved in the transport of essential amino acids and maintain a minimal
level in brain when the concentrations of these amino acids arc low in blood (as in starvation. malnutrition). As some ol these amino
acids serve as precursors for neurotransmitters. such as glutamate (leucine, isoleucine), taurine (methionine), it 1s also suggested that
high affinity uptake systems for the essential amino acids might also replenish the precursor pools of neurotransmitter amino acids.

Key words: Essential amino acid; High affinity transport; Isoleucine; Leucine; Methionine; Synaptosome

Neutral amino acids (leucinc, isoleucine, valinc,
methionine, glutamine, phenylalanine, tyrosine and tryp-
tophan) are known to be transported from blood to
brain by (i) a sodium independent common transport
mechanism (L-system; leucine preferring system), and
(il) a sodium dependent bidirectional transport system
(‘A" type; alanine preferring), supposed to be present on
the antiluminal side of the blood capillaries in brain [2,3].
The latter system was reported to have a higher affinity
towards neutral amino acids than the L-type system
present on both the luminal and antiluminal side of the
capillaries. Though high and low affinity uptake systems
have been reported for the transport of neutral amino
acids across brain capillaries, reports on the transport of
these amino acids into the brain cells seem to be contra-
dictory. Earlier reports indicated that neutral amino
acids were transported into brain cells by a low affinity
uptake system [16]. Recently, both high and low &ffinity
uptake systems have been implicated for the transport of
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threonine and leucine in neuroblastoma, synaptosomcs,
neurons and astrocytes [7,8,12]. Since neurotransmitter
function has not been demonstrated for the above men-
tioned neutral amino acids, physiological significance of
the high affinity uptake systems for these amino acids
has not been satisfactorily explained.

Results of the present study indicated that the trans-
port of leucine, isoleucine and methionine into cortical
synaptosomcs was mediated by high and low affinity
uptake systems, while the same was mediated in mito-
chondria by a low afinity uptake system. Based on the
results of the present study and those of earlier investiga-
tors, on the presence of high affinity uptake systems for
the transport of tryptophan, leucine, lysine and threon-
ine [7,8,10,12], it is suggested that essential amino acids
may be transported into brain cels by high and low
affinity uptake systems. Such a process would help to
maintain a minima amount of these amino acids in brain
during starvation, malnutrition and pathological states
which alter the availability of these essential amino acids
to brain [4-6]. As the carbons and nitrogens of some of
these amino acids are incorporated into the neurotrans-
mitter amino acids (such as glutamate, taurine etc.), it is
suggested that these essential amino acids might be re-
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s of leucine (Fig. 1E). In the subsegquent studies, 100
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clally at lower concentrations of substrate. gave er-
values. This might be due to problems associated
thermal equilibriation. Under such conditions, up-
rates may have an underestimate since the uptake
performed almost at the end of initial velocity pe-
This was overcome by using the tangent extrapola-
method from the progressive time curve [17], for the
xctive amino acids and the true rates were estimated.
| observed and true rates are given in the Table 1.
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10 acid. All the data points in the Eadie-Scatchard
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a single uptake system (data not shown). However, iy
synaptosomal preparation, Eadie-Scatchard plots were
curvilinear indicating the likely presence of more thay
one uptake system. Hence, a concentration range of O5
4M to 10 mM was used in subsequent experiments witly
synaptosomcs. This confirmed the presence of two up-
take systems with different affinities in synaptosomcs -
a high affinity system with a K, inuM range and a low
affinity uptake system with a K, in mM range (Fig 1A:
Table 1). The two uptake systems differed by severa fold
in their transport rates and in their amino acid.

As high &ffinity uptake systems have a stringent re-
quirement for the presence of sodium ions in the mediurn
[6], sodium dependency of the high and low affinity leuc.
ine uptake w4S studied in synaptosomcs. Replacement of
sodium ions in the medium with Tris ions suppressed the
high affinity uptake system in a concentration dependent
manner and the maximal suppression was by 75% when
sodium ions in the medium were completely replaced
with Tris. However, the low &ffinity uptake system (Fig.
1B) was not affected under these conditions. These re-
sults indicated that the high &ffinity uptake might be
mediated by a specific carrier, but not by homo-exchange
of the label mto synaptosomcs. »-Leucine or 2-amino-2-
norborane carboxylic acid (leucine analog) had no signif-
icant effect on the high affinity uptake system for leucine
in synaptosomcs (data not shown) indicating the stereo-
specificity of the transport process.

It is believed that high affinity uptake systems are
usually involved in the termination of the neurotransmit-
ter activity of amino acids such as glutamate and GABA
[15]. As of today, no neurotransmitter activity has been
demonstrated for leucine. However. as leucine is an es-

Table 1

Kinetic constants of high and low affinity uptake of [ ‘H]leucine, isoleuc-
ine and [**S)methionine in mitochondria and synaptosomcs of rat cere-
bral cortex

Mitochondria Synaptosomcs
LAUS HA US
Ve (nmol, protein ' e h™'y
Leucine 903 + 13 371 £ 3R 16 + 13
Isoleucine 556 + 51 272 + 39 24 + 12
Methionine 1558 + 500 12+ 30
A mM mM UM
Lcucine 260+1 62 + 04 4414
Isoleucine 12+3 29 + 05 62 +2
Methionine 84 £ 10

21 +6.0

Vaues are mean + SD. of 4 experiments done in duplicate. Kinetic
constants (K, and J',) were calculated from the Eadie-Scatchard plots
drawn individually for each experiment. Non-specific uptake was deter-
mined by carrying out parallel incubations at (0°C and due corrections
were made. When the 1", . values of high affinity uptake systems were
adjusted for underestimate (see text), | .. for leucine was 38 + 3;
isoleucine 60 + 8; methionine 30 + 3. HAUS: high &ffinity uptake sys-
tem; LAI'S: low &ffinity uptake system; N.D.: not determined.
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plenishing the precursor pool required for the synthesis
of neurotransmitter amino acids.

Inbred rats of Wistar strain of 3 months age, main-
tained at 21 + 1°C and on standard pellet diet (Hindu-
stan Lever Ltd., India) and water, were used presently.
Isolation of synaptosomcs and non-synaptic mitochon-
dria from the cerebral cqrtex using Ficoll density gradi-
ents and the purity of the preparations, (as monitored by
marker enzymes) have hgen described earlier [13.14].

Uptake of ['H]lcucine, isoleucine and ['°S]methionine
at 37°C was studied in synaptosomcs and mitochondria
by the method of Rao and Murthy [14]. Amino acid
concentration in the incubation medium (well oxygen-
ated Krebs-glucose-phosphate-HEPES  medium)  was
varied from 0.5 uM to 10 mM, and 0.4 xCi of the radi-
oactive amino acid was added to each tube. Uptake was
terminated by rapid centrifugation at 10,000 x ¢ at 4°C,
Pellet was briefly washed twice with ice-cold medium
having same concentration of non-radioactive amino
acid under study. Final pellet was dissolved with contin-
uous vortexing in 100 4l of 0.1 N NaOH and radioactiv-
ity was determined. Non-specific uptake was determined
by incubating the sample a 0°C and due corrections
were made. Kinetic constants (A,, and 1/,,.,) were calcu-
lated from Eadie-Scatchard plots. In some experiments
reaction was terminated by rapid filtration through Mil-
lipore membrane filters (0.45 um) and filters were
washed twice as described above. The values obtained by
filtration and centrifugation methods were more or less
the same (data not shown). Hence. in subsequent o per-
iments, uptake was terminated by centrifugation.

In al the uptake studies, non-specific uptake was
about 20 25% of the total uptake. Amino acid uptake
was found to be linear upto 200 ug of synaptosomal
protein and 500 fg of mitochondrial protein (data not
shown). The uptake was linear upto 10 min of incubation
a high concentrations and for 5 min at low concentra-
tions of leucine (Fig. 1E). In the subsequent studies, 100
g of protein and 5 min of incubation time was used. Use
of lower incubation times ( < 1 min), though preferable
especially at lower concentrations of substrate, gave er-
ratic values. This might be due to problems associated
with thermal equilibriation. Under such conditions, up-
take rates may have an underestimate since the uptake
was performed almost at the end of initial velocity pe-
riod. This was overcome by using the tangent extrapola-
tion method from the progressive time curve [17], for the
respective amino acids ahd the true rates were estimated.
Both observed and true rates are given in the Table 1.
Such a problem was not encountered at high substrate
concentrations (millimolar range).

In order to determine the K, and 1}, ,, of transport,
leucine uptake was studied using 0.1 to 10 mM of the
amino acid. All the data points in the Eadie-Scatchard
plots for mitochondrial preparation could be fitted into
a single linear regression curve indicating the presence of

a single uptake system (data not shown). However, in
synaptosomal preparation, Eadie-Scatchard plots were
curvilinear indicating the likely presence of more than
one uptake system. Hence, a concentration range of 0.5
4M to 10 mM was used in subsequent experiments with
synaptosomcs. This confirmed the presence of two up-
take systems with different affinities in synaptosomcs -
a high affinity system with a K, in 4uM range and a low
affinity uptake system with a K, in mM range (Fig 1A:
Table 1). The two uptake systems differed by several fold
in their transport rates and in their amino acid.

As high &ffinity uptake systems have a stringent re-
quirement for the presence of sodium ions in the medium
[6], sodium dependency of the high and low &ffinity leuc-
ine uptake was studied in synaptosomcs. Replacement of
sodium ions in the medium with Tris ions suppressed the
high affinity uptake system in a concentration dependent
manner and the maximal suppression was by 75% when
sodium ions in the medium were completely replaced
with Tris. However, the low affinity uptake system (Fig.
IB) was not affected under these conditions. These re-
suits indicated that the high &ffinity uptake might be
mediated by a specific carrier, but not by homo-exchangy
of the label into synaptosomcs. n-Leucine or 2-amino-),
norborane carboxylic acid (leucine analog) had no signif-
icant effect on the high affinity uptake system for leucine
in synaptosomcs (data not shown) indicating the stereo-
specificity of the transport process.

It is believed that high affinity uptake systems are
usualy involved in the termination of the neurotransmit-
ter activity of amino acids such as glutamate and GABA
[15]. As of today, no neurotransmitter activity has been
demonstrated for leucine. However, as leucine is an es.

Table1

Kinetic constants of high and low affinity uptake of ['H]leucine, isoleuc.
me and ["*S]methionine in mitochondria and synaptosomcs of rat cere.
bral cortex

Mitochondria Synaptosomcs
LAUS HAUS
I (Mol protein * ¢« h™')
Leucine 903 + 13 371+ 3R 16 £ 13
Isoleucine 556 + 51 272 £ 39 24 + 12
Melhionine 1558 + 500 12 £3.0
K, mM mM uM
Leucine 26+ 1 62+ 04 4 + 4
Isoleucine 12+3 29105 62+2
Methionine 21 =60 84 £ 10

Vaues are mean + SD. of 4 experiments done in duplicate. Kinetic
constants (A, and I',) were calculated from the Eadie-Scatchard plots
drawn individually for each experiment. Non-specific uptake was deter-
mined by carrying out parallel incubations at (jo(" and due corrections
were made. When the I',,,, values of high affinity uptake systems were
adjusted for underestimate (see text), 1. for leucine was 38 + 3;
isoleucine 60 + 8; melhionine 30 + 3. HAUS: high affinity uptake sys-
tem; LAUS: low affinity uptake system; N.D.: not determined.
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Fig. 1. A: Eadie-Scatchard plots of the high and low affinity uptake < ['H]lcucine into synaptosomes of rat cerebral cortex. I3: percent inlibition
over control of high and low affinity uptake of | 'H]leucine in cortical synaptosomes with respect to varying concentrations ol sodium ions in the
medium. Leucine concentration was 50 #M for high affinity system and 5 mM for low affinity system and (.4 ¢ of labelled lcucine was added to
each tube. Sodium ions were replaced with Tris in Krebs-Ringer-glucose medium. CD: Eadice-Scatchard plot of high and low affinity uptake of
['HJisoleucine and [*S]methionine in cortical synaptosomes. E: time course of leucine uptake at high affinity (100 £M)and low affinity (I mM)
concentrations into synaptosomes. Each value in al the plots 1s mean = S.D. of 4 individual experiments done in duplicate. In al the plots, open
circles denote high affinity uptake while open triangles denotes low affinity uptake system, The plots were drawn after calculating the true initial

velocities as described 1n the text.

sential amino acid, it was fdt that high affinity uptake
systems might also be involved in the transport of essen-
tial amino acids. Identification of high affinity uptake
systems for isoleucine and methionine (Fig. 1C,D), two
other essential amino acids, supported this concept. Such
high affinity uptake systems have been demonstrated for
the transport of other essential amino acids, tyrosine,
tryptophan, lysine and threonine [7,8,12].

Presence of a high and low affinity uptake systems for
the transport of essential amino acids in brain is under-
standable as these amino acids are not synthesized in the
tissue and arc to be supplied through diet. Depending on
the qualitative and quantitative aspects of diet, levels of
these amino acids in blood may fluctuate over a wide
range [5]. If the tissue is endowed only with a low affinity
uptake system, then availability of these essential amino
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acids to cells would be restricted when the animal con-
sumes inadequate amounts of food or food poor in es
sential amino acids. It was reported earlier that brain
leucine content decreased only by 30% while that in the
serum decreased by 75% when rats were fed with leucine
free diet [5]. This suggests that a minimal amount of these
amino acids would be maintained in brain even when
they arc not supplied in the diet. This is essential as the
depiction of essential amino acids adversely affects brain
development, functioning and results in tissue proteoly-
sis [11]. Existence of both high and low affinity uptake
systems would ensure the transport of essential amino
acids into cells at a wide range of extracellular concentra-
tions. Thus, high &ffinity uptake systems for essential
amino acids might be responsible for maintaining a min-
imal level of these amino acids in brain. Moreover, some
of these amino acids arc known to serve as precursors for
the synthesis of neurotransmitters, such as glutamate
(leucine and isoleucine) [18], and taurine (methionine)
[I], Hence, these high affinity uptake systems might also
be involved in the maintenance of the precursor pool
required for the synthesis of tliese neurotransmitters.

Interestingly, high affinity uptake systems were ob-
served only in synaptosomcs, but not in mitochondria.
In the latter, only low affinity uptake systems for the
transport of leucine and isoleucine were present. Exis-
tence of only low affinity uptake system in mitochondria
is understandable as a minimal concentration of essential
amino acids will always be available in the cytosol for
mitochondria. Presence of a low affinity uptake system
in mitochondria would ensure that these amino acids are
transported into mitochondria only when the cytosolic
pool is saturated. This is essential as cerebral mitochon-
dria are capable of oxidizing the carbons of BCAA to
CO, [Y]. resulting in an irrcpluccnhlc loss of these amino
acids.
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Abstract

Uptake of branched chain amino acids (BCAA, leucine and isoleucing) was studied in synaptosomes prepared from the cerebral
cortex of rats of 1. 3 and 24 months of age. In addition to the conventional low afinity sodium independent transport system, a high
affinity sodium dependent stercospecific transport system for the transport of BOAA was identified in synaptosomcs pa-pared from the
cerebral cortex of the above three age groups. There was an overall decrease in K, and V,,,,x ©Of both high and low &ffinity transport
systems for leucine and isoleucine in the cortical synaptosomces of 24-month-old rats when compared with younger age groups. This
study indicates that the non-ncurotransmitter essential amino acids arce transported by high and low affinity transport systems and these
systems undergo age-dependent aterations. These changes might be duc to the atered synthesis of these transporter proteins and/or
synthesis of transporters with atered conformation and/or changes in the physical properties (fluidity) of the membrane. The decrease
in the transport of BCAA is on a par with the decrease in the overall metabolism of BCAA in brain. As food consumption decreases in
the older age groups of animals, the availability of essential amino acids to the tissues might also be lowered. [ Inder such conditions. it
is suggested that the observed increase in the affinity (decreased ) of the carrier might be helpful in the supply of essential amino
acids.

Keywords: Aging; Branched chain amino acids; High affinity; Isolet'Cine: Leucinc, Synaptosomcs; Uptake
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Aging is a multifactorial phenomenon associated with
agradual decline in the normal performance of the organs
with a concomitant loss in the genetic, biochemical and
physiological mechanisms of the cells [18]. Bran is no
exception to these changes, wherein a reduction in overal
metabolism (such as protein synthesis), neurotransmitter
functions, transport of the metabolites were reported
[3,5,8]. Severa theories have been proposed to explain
the mechanism of the aging: (i) dterations in gene ex-
pression [13]; (ii) the enzymes responsible for the tran-
scription and trandation process [20,22]; and (iii) free
radical induced alterations on the protein and lipid com-
positions of the cell membranes [7].

It was proposed earlier that alterations in membrane
composition would affect the fluidity of the membrane
[10]. Such changes in membrane architecture might
change the conformation of membrane proteins with a

* Corresponding author, Tel.: +91 40 253901 4562; Fax; +91 40
253145; Email: chrkm-sl@uohyd.ernet.in.

concomitant decrease in the transport of ions and amino
acids [3]. Although studies were performed on the age
dependent alterations in the transport of neurotransmitter
amino acids such as glutamate and aspartate [19], no in-
formation is available on the transport of essential amino
acids such as branched chain amino acids (BCAA) in
brain with respect to aging.

BCAA (leucine, vaine and ispleucine) are essential
amino acids and are not synthesizeJ in brain. Hence, their
levels in the tissue depend on th availability of these
amino acids in the ecxtracellulay environment. These
amino acids are involved in many of the metabolic func-
tions in brain such as protein synthesis [2], aternative
sources of energy [12], and synthesis Of glutamate [21].
Hence, in the present investigation, in vitro transport of
BCAA (leucinc and isoleucine) was studied in synap-
tosomcs prepared from the cerebral cortex of rats of dif-
ferent age groups.

Earlier reports indicated that BCAA arc transported
into the brain by a sodium independent common neutral

0304-3940/95/S09.50 © 1995 Elsevier Science Ireland Ltd. All rights reserved

SSDI0304-3940(94)11 189-M



138 K V.R Rao et al. / Neuroscience Letters 184 (1995) 137-140

[X ] I.
oo o 4
A \
nal k& i\}‘
' ch
uul‘ e - il [ i |
== — = — = —
0 w100 150 o0 100 150 200 250

0
( “ n
I = |
on ool |
1 - |
sy Ay
D6Fe o 0!1 FaY - ‘
R | w ® 2 S
03 ! & - noa| . . |
£ A Ty, |
anl ~ 0.00 - . 1
1] n 20 Al an [+ 1M PO0 300 400 500 800
\I’
Fig. 1. (a) Eadic- Scatchard plot representing the curvilinear points of

the data obtained from the saturation isotherms of leucine transport,
indicating the two affinity transport systems (high and low affinity). (b)
Eadie-Scatchard plot representing both high and low affinity transport
systems for leucine in synaptosomcs prepared from 3-month-old cere
bral cortex. O represents high affinity uptake, while A represents low
affinity uptake. (e) Eadie-Scatchard plot representing the high affinity
transport system for leucine into synaptosomcs of young (1 month) and
old (24 months) rat brain cortex. (d) Eadie-Scatchard plot representing
the low affinity transport system for leucine into synaptosomcs of
young (I month) and old (24 months) rat brain cortex. In (¢) and (d), O
represents (he 1 month age group, while A represents the 24 months
age group. In all t he plots, V = nmol (mg pmlcin)" h ', VAS, nmol
(mg protein)™* h '//l M/mM.,

amino acid carrier (L-systcm) [4], In addition, a sodium
dependent, bidirectional, high affinity transport system
has been identified on the antiluminal side of the blood
capillaries |1]. Recent studies from our laboratory indi-
cated that essential amino acids are transported into syn-
aptosomcs by both high affinity (sodium dependent) and
low affinity (sodium independent) transport systems |14].
It was observed that both high and low affinity transport
systems were present in cortical synaptosomcs of the rats
of dl the age groups studied. There was an overal de-
crease in K, and V,,, for both high and low affinity
BCAA uptake into the synaptosomcs prepared from rats
aged 24 months when compared to younger age groups. It
is suggested that the decrease in the transport of BCAA
might be due to a decrease in the synthesis of the carrier
proteins or atered conformation of these carriers due to
the aterations in the membrane architecture (membrane
fluidity). These changes might facilitate the transport of
BCAA into synaptosomcs even at further lower concen-
trations of these amino acids in the extracellular mediuy,
which might occur due to decreased food intake in oldgy
animals.

Mae Wistar rats aged 1, 3 and 24 months, maintaing
under 12 h light and 12 h dark cycles a 21 + 1'C wey.
used. A nutritionally balanced diet (Hindusthan lever Ly
India) and water were given ad libitum.

Synaptosomcs were prepared from the cerebral cortex
of rats of the above age groups and their purity was de-
termined as described earlier [14,15]. Protein content was
determined by the method of Lowry et al. [9].

Both high and low &ffinity uptake of [*H]leucine and
isoleucine was performed as described earlier [14]. Non-
specific transport was determined by incubating the sam-
ples a 0°C and due corrections were made.

The kinetic constants K, and V,,,,, were determined by
Eadie-Scatchard analysis of the data obtained from the
saturation isotherms using the Sigma Plot program.

Preliminary standardization of the transport was done
in synaptosomcs prepared from the rats aged 3 months as
described earlier [14]. Initial studies on transport were
performed using a concentration range of 0.1-10 mM
BCAA. Scatchard analysis of the data showed a curvilin-
ear plot (Fig. la), indicating the presence of more than
one transport system. This was confirmed using a concen-
tration range of 0.5uM to 10 mM. Scatchard plots of
these data confirmed the presence of two types of trans-
port system, one with high affinity and low capacity, and
the other with low affinity and high capacity (Fig. 1b).
Further studies revealed the presence of two types of up-
take system in dl the age groups studied. In dl the age
groups studied, K,, for the high affinity uptake system
was 2-3 orders less than that of the low &ffinity uptake
system, while the V,,,, for the former, was severa fold
less than the latter (Tables 1 and 2). The physiological
significance of such high affinity transport systems for
essential amino acids in the brain was previoudy dis-
cussed [ 14].

Presently, age-dependent changes in the kinetic pa
rameters (K, and V,,,) of both high and low affinity
transport systems into cortical synaptosomcs were re-
ported. The K, for both high and low affinity transport
systems of leucine and isoleucine into cortica synap-
tosomes of 24 month-old rats was lower than that of
1 month-old rats. The K,,, of the high affinity transport
systems for leucine was lower in 3-month-old rats than
in l-month-old rats while no such difference was noticed

Table 1

Age dependent variations of the kinetic parameters of ['H]-leucine
transport into cortical synaptosomcs

Age High affinity Low affinity
h‘l‘.'. .llll'l'hll lh‘l]l 1"”11\
(ee )M (nmol (mg (mM) (nmol (mg
protein)” Fhly |:|T|l!L':i|:1!_l W
| month 70+ 10 455 T.04%2 770 = 174
Ymonths 44 + 3% 40+ 3 6.2+0.4 371 £ 32°
24 months 43 + 7 25 + 400 12+ 025D 278 + 1200

K., and V.« were derived from the Eadie-Scatchard plot of the data
obtained from the saturation isotherms of four individual experiments
done in duplicate.
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Table 2

Age dependent variations of the kinetic parameters of [3H]isoleucine
transport into cortical synaptosomcs

Age High affinity Low affiniy
A"I llnil\ A”l \lll.l\
(1)M) (nmaol (mg (mM} tnmol (mg
protein) Lhly protein) ' hh
| month 660 + 4 41 £ 3 R+ bis = 123
Ymonths 62+ 2 60 + 3 A4 270 @ Agb
24 months 28+ 1M g+ b 40205% 313+ 269

Ky and V., were derived from the Eadic-Scatchard plot of the data
obtained from the saturation isotherms of four individua experiments
done in duplicates. In dl these studics, statistical significance was
caculated using Neuman - Keul's multiple range test.

4 Significant when compared to 1 month, /’ < 0.01

b Significant when compared to 3 months. /' < 0.05

for isoleucine. Changes observed in the K, of low affinity
transport systems for these two amino acids in 1- and 3-
month-old rats were opposite to those described for the
high affinity transport system. When a comparison was
made between 3- and 24-month-old rats, a statisticaly
sgnificant difference was noticed in the high affinity
transport systems of isoleucine and low affinity transport
systems of leucine only (Fig. lc,d) (Tables | and 2).

Similar to the changes in K,,, the V,,,, of these two
transport processes was decreased in 24 month old rats
when compared to I-month-old rats. The magnitude of
decrease was between 47 and 64%. When a comparison
was made between |- and 3-month -old rats. the V,,,,,  for
the low affinity transport system in cortical synaptosomcs
of these two amino acids was lower in the later age
groups than the earlier age groups. In contrast, the V., of
the high affinity transport systems of isoleucine weas
higher in 3-month-old rats than in I-month-old rats, while
no difference was observed in the V,,,, of the high affinity
transport system for lcucine. A comparison between 3-
and 24-month-old animals reveded a fdl in the V,,, of
both high and low affinity transport systems into cortica
synaptosomes for these two amino acids with the excep-
tion of the low &ffinity system for isoleucine (Tables |
and 2).

The results of the present investigation indicated an
overall decrease in the K, and V,,,, of both high and low
affinity transport systems into cortical synaptosomcs pre-
pared from rats aged 24 months. Such a change could be
due to: (a) aterations in the rate of synthesis and degra-
dation of carrier proteins and/or (b) synthesis of carrier
proteins with atered conformations and/or (c) aterations
in the membrane micro-environment (such as membrane
viscosity and membrane fluidity). Earlier studies have
indicated a decreased turnover of brain proteins and also
synthesis of proteins with altered or abnormal conforma-
tion in the rats of older age groups [10,11]. Moreover,
decreased fluidity and increased viscosity of the synaptic

membranes in the rats aged 24 months have aready been
reported [10]. As the membrane fluidity is dependent on
the lipid composition of the membranes, such a change
would suggest alterations in the lipid composition. This
would affect the hydrophobic interactions between lipids
and integral proteins of membranes (such as carrier pro-
teins) and the degree of intercalation of these proteins
[10]. Such changes might ater the conformation of the
carrier proteins, thus atering their affinity for the sub-
strate and availability of the transporter sites (thus change
the v,,,,, of the transport process).

An age-dependent decrease in the transport of BCAA
might have a physiologica significance. Branched chain
amino acids are essential amino acids and are not synthe-
szed endogenously in tissue. Hence. diet is the sole
source of these amino acids. As it is generally believed
that food consumption declines in the older age groups of
rats than in growing rats, availability of these essential
amino acids to the brain (and thus their extracellular con-
centration in the brain) might also be lowered. Under such
conditions, carriers with low affinities might not be effi-
cient in transporting these amino acids from the extracel-
lular environment into the cells. Lowering of K, (and
thus increase in affinity) would result in the saturation of
these carriers even when the concentrations of BCAA in
the extracellular environment are low. This might be
helpful in maintaining adequate amounts of these amino
acids required for the basa metabolism in the brain of
aged rats. Moreover, it has been reported that metabolism
of these amino acids (i.e. incorporation into proteins and
oxidation to CO>) were lowered in the brain of older ani-
mals (data not shown). Under such conditions, transport
of these amino acids a higher rates (high V,,.,) would
lead to their accumulation in the brain. A large excess of
branched chain amino acids is known to exert toxic -
fects in the brain | 17].
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