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Abstract

The source of nitrogen (N) for the de novo synthesis of brain
glutamate, glutamine and GABA remains controversial.
Because leucine is readily transported into the brain and the
brain contains high activities of branched-chain aminotransf-
erase (BCAT), we hypothesized that leucine is the predom-
inant N-precursor for brain glutamate synthesis. Conscious
and unstressed rats administered with [U-'3C] and/or
['®*N]leucine as additions to the diet were killed at 0-9 h of
continuous feeding. Plasma and brain leucine equilibrated
rapidly and the brain leucine-N turnover was more than
100%/min. The isotopic dilution of [U-'C]leucine (brain/
plasma ratio 0.61 = 0.06) and ['®N]leucine (0.23 + 0.06) dif-
fered markedly, suggesting that 15% of cerebral leucine-N
turnover derived from proteolysis and 62% from leucine

synthesis via reverse transamination. The rate of glutamate
synthesis from leucine was 5 pmol/g/h and at least 50% of
glutamate-N originally derived from leucine. The enrichment of
[5-"®N]glutamine was higher than ['®NJammonia in the brain,
indicating glial ammonia generation from leucine via glutam-
ate. The enrichment of ["®N]JGABA, ['®N]aspartate, [**N]glu-
tamate greater than [2-'°N]glutamine suggests direct
incorporation of leucine-N into both glial and neuronal glu-
tamate. These findings provide a new insight for the role of
leucine as N-carrier from the plasma pool and within the
cerebral compartments.
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Glutamate and its metabolic product GABA are, respectively,
major excitatory and inhibitory neurotransmitters. Because
there is virtually no entry of plasma glutamate into the brain
(Oldendorf 1971), the brain glutamate pool derives almost
exclusively from synthesis de novo. Although it is well
established that brain glutamate biosynthesis utilizes plasma
glucose as the main carbon precursor (Shank and Campbell
1983), the main source of brain glutamate-N remains
controversial.

The general consensus with regard to the origin of
neuronal glutamate is that it proceeds via the initial synthesis
of glutamine in the glia and that this is transported to the
neurons where its deamidation releases glutamate for storage
or further metabolism to GABA (Rothman 2001). Following
synaptic excitation, a portion of the glutamate and GABA
released from the neuron is taken up by glial cells and

recycled to glutamine synthesis (de Barry ef al. 1983).
Accordingly, the rate of glutamate-glutamine cycle (Sibson
et al. 1997) exceeds the total N-influx predicted from the
influx of individual amino acids across the blood-brain
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barrier (Smith et al. 1987). Although the glutamate/gluta-
mine cycle could conserve the N-moieties of both amino
acids, there is, in fact, a necessity for the continual
replenishment of the glial N-pool because the brain releases
glutamine to the jugular vein (Grill et al. 1992). On the basis
of the incorporation of glucose carbon (-C) into cerebral
glutamine, Lapidot and Gopher (1994) estimated that the
anaplerotic pyruvate carboxylase pathway accounts for 34%
of the brain glutamine synthesis, indicating the significance
of de novo synthesis of glutamate in the glutamate-glutamine
cycle. There are two possible pathways for the incorporation
of nitrogen (N) into glutamate: reductive amination via
glutamate dehydrogenase (GDH; EC 1.4.1.2) or transamina-
tion. Thus, both ammonia and amino acids could act as
potential N donors, although the uptake of each is limited and
perhaps regulated by the transporter across the blood—brain
barrier (Smith et al. 1987).

Neutral amino acids are transported across the blood—brain
barrier by a common L-system transporter (Preston et al.
1989). Leucine has one of the highest affinities for this
transporter (Smith et al. 1987), and its uptake by the brain is
greater than any other amino acid (Grill et al. 1992). The
brain not only contains abundant branched-chain amino
transferase (BCAT; EC 2.6.1.42), but also expresses a brain-
specific cytoplasmic form in addition to the ubiquitous
mitochondrial BCAT (Hall ef al. 1993; Bixel et al. 1997).
Therefore, leucine is an attractive candidate as a major
N-precursor for the synthesis of brain glutamate. Recently,
Kanamori et al. (1998) have shown that leucine-N enters
brain glutamate in rats infused intravenously with [*N]leu-
cine. While this investigation established the potential central
metabolic role of leucine, the experimental conditions
involved anesthetized rats, a condition that likely affects
metabolic activity in the brain. Moreover, the rate of tracer
infusion was sufficiently large that the circulating and brain
leucine concentrations increased to very high and non-
physiological values. The first objective of the current study
was to determine the contribution of leucine-N to the
synthesis of brain glutamate under physiological and non-
stressed conditions.

Because the synthesis of glutamine involves the prior
synthesis of glutamate, the overall pathway requires an
additional supply of nitrogen. Although the pathway of
glutamine synthesis via glial glutamine synthetase (EC
6.3.1.2) from glutamate and free ammonia is well established
(Martinez-Hernandez et al. 1977), the source of the ammonia
remains poorly characterized. Ammonia generated via neur-
onal glutaminase in the glutamate-glutamine cycle could
contribute to the amide-synthesis of glutamine to some extent
(Rothman 2001). However, this must be an insufficient
source because of the net release of glutamine from the brain
(Grill et al. 1992). In addition, it has also been shown that
under hyperammonemic conditions, plasma ammonia can
supply a portion of the amide-N of glutamine (Farrow et al.
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1990). From the perspective of the present study, it is
important that studies with cerebellar explants (Yudkoff et al.
1983) have demonstrated the considerable incorporation of
leucine-N into the amide-N of glutamine. Thus, a second
objective of the study was to quantify the potential role of
leucine as a nitrogen source for the synthesis of ammonia and
hence, glutamine amide-N.

Transamination via BCAT is readily reversible (Hall et al.
1993) and the direction of the reaction is highly dependent on
the relative concentrations of the four reactants [leucine,
glutamate, o-ketoglutarate (o-KG) and o-ketoisocaproate
(o-KIC)). It is generally believed that BCAT catalyzes forward
transamination (i.e. glutamate synthesis) in the glia (Yudkoff
1997; Kanamori et al. 1998; Hutson et al. 2001). However, in
the presence of added o-KIC, BCAT also catalyzes leucine
synthesis in cultured glial and neuronal cells as well as in
neuronal synaptosomes (Yudkoff et al. 1990, 1994a, 1996;
Hutson ef al. 1998). Since measurable quantities of o-KIC can
be found in the brain (Keen et al. 1989; Matsuo et al. 1993),
reverse transamination via BCAT may be of metabolic
significance at this site. From these findings, Yudkoff et al.
(1996) have proposed that there is a neuronal-glial leucine/
o-KIC shuttle that parallels the glutamate/glutamine shuttle
and allows the transfer of nitrogen from the neuron to the glia.
However, although the evidence favors its existence, we know
of no in vivo studies that have investigated whether reverse
leucine transamination from glutamate does occur in the brain.
The third objective of the current study was to attempt both to
quantify the flux of nitrogen to leucine via reverse transam-
ination in the brain, and to assess the entry of leucine-N into
the neuronal metabolic pool.

For the above objectives, leucine-N and carbon (C)
metabolism was studied using conscious rats fed with the
diet containing ['*N] and/or [U-">C]leucine.

Experimental procedures

Animals

The study received prior approval form the Animal Protocol Review
Committee of Baylor College of Medicine. Housing and care of the
animals conformed to USDA guidelines. Outbred male weanling
Wistar rats purchased from Harlan (Indianapolis, IN, USA) were
maintained under a reversed light-dark cycle (light on from 21:00 to
09:00 h) and at 25°C. The animals were housed individually in
stainless steel cages and had free access to tap water. The rats were
fed only during the dark period (09:00-21:00 h) with a purified diet
[AIN-93G (Reeves et al. 1993)] containing crystalline amino acids
(alanine: 4.0, arginine: 6.2, aspartate: 4.0, asparagine monohydrate:
4.5, cysteine hydrochloride monohydrate: 5.8, glutamate: 40.0,
glycine: 6.0, histidine: 3.3, isoleucine: 8.6, leucine: 13.0, lysine
hydrochloride: 13.7, methionine: 8.1, phenylalanine: 8.8, proline:
4.0, serine: 4.0 g/kg diet; Ajinomoto Co., Inc., Tokyo, Japan). The
amino acid composition met the recommendation of the National
Research Council (Gahl et al. 1991). The rats were adapted in these
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conditions for more than 2 weeks. An experimental diet in which
natural leucine was replaced with either ['*N]leucine [> 98% (w/w),
Cambridge Isotope; Woburn, MA, USA (experiment 1; 30 animals)]
or a mixture of ['*N]leucine [78.4-80.0% (w/w)] and [U-">C]leu-
cine [19.4-19.6% (w/w) (experiment 2: 18 animals)] was prepared.
When the animals attained a mean body weight of 177.0 + 7.0 g,
they were offered each hour a limited amount of the labeled diet
(9.05 g/kg body weight/h; approximately 90% of ad /ib. intake). All
animals started to eat each meal immediately after giving it, and
consumed it completely. Stomachs of all the animals were full 1 h
after the last meal. The measured rate of ['°N]leucine intake was
844 + 26 umol/kg body weight/h in experiment 1. In experiment 2,
the rate of ['°N]leucine intake was 677 + 8 pmol/kg body weight/h
(n = 12), and that of [U-">C]leucine was 163 £ 2 pmol/kg body
weight/h (n = 18).

Animals anesthetized with pentobarbital sodium (30 mg/kg) were
decapitated at 0, 0.5, 1, 2, 3, 6 or 9 h, and mixed trunk blood and the
brain were isolated. Blood was taken into a heparinized funnel and
centrifuged to collect plasma. The plasma was frozen at —80°C.
Brain was harvested in toto after removing the skull using scissors,
and then clamped between two flat metal plates cooled in liquid
nitrogen. This enabled the brain to be frozen within 30 s of
decapitation and to a thickness of less than 0.5 mm. Frozen brain
specimens were powdered in liquid nitrogen and stored at —80°C
before the analysis.

Sample analysis

Aliquots of plasma were mixed with an equal volume of methionine
sulfone solution and centrifuged at 10 000 g for 2 h at 4°C through
a 10 kDa cut-off filter. Aliquots of frozen brain powder were
deproteinized by 0.5 M perchloric acid (PCA) solution containing
methionine sulfone, and neutralized with K,CO;. The plasma
filtrate and the brain extract were dried, derivatized by phenyliso-
thiocyanate (Cohen et al. 1986) and analyzed by an HPLC system
equipped with a Pico-Tag column (Waters, Milford, MA, USA).
Amino acids were quantified using methionine sulfone as an internal
standard.

Isotopic enrichments of plasma and brain amino acids were
analyzed by GC/MS. PCA extracts of plasma and brain specimens
were neutralized with K,COs, centrifuged, and the supernatant fluid
brought to pH 4-6 with 1 m acetic acid. The specimens were applied
to a 1 mL bed volume cation exchange column (Dowex 50Wx8, H"
form: Bio-Rad, Hercules, CA, USA). The amino acids were eluted
with 3 M ammonia solution and dried under vacuum. The dried
samples were dissolved in water, adjusted to pH 8 by adding
ammonia solution and applied to an anion exchange column
(Dowex 1x8, CI" form; Bio-Rad). Neutral amino acids including
glutamine were collected as the pass through fraction, and glutamate
and aspartate were eluted with 1 m acetic acid according to the
methods described previously (Prusiner and Milner 1970). The
specimens were dried and the n-propyl esters of the heptaflurobu-
tyramides were prepared as reported previously (Jahoor ef al. 1994).
Briefly, the carboxyl moieties were esterified by 1-propanol at 80°C
for 30 min in the presence of acetyl chloride, and the amino and
amide moieties were derivatized with heptafluorobutyric anhydride
at 60°C for 20 min. For analysis of the glutamine fraction, the
esterification step was performed at room temperature overnight to
minimize deamidation of glutamine (Reeds et al. 1996). Each amino

acid was separated by gas chromatography (5989B, Hewlett Packard,
Palo Alto, CA, USA) equipped with an HP-5 column (Hewlett
Packard), and the isotopic distribution was analyzed with mass
spectrometry (5890 Series II, Hewlett Packard). Negative ions
generated by methane chemical ionization were analyzed by selected
ion monitoring. The monitored ions were: glutamate (407, 408),
aspartate (393, 394), glutamine (346-348), GABA (321, 322),
leucine (349-355), isoleucine (349, 350), valine (335, 336), alanine
(307 308), glycine (293, 294), phenylalanine (383, 384), methion-
ine (367, 368), tyrosine (311, 312) and serine (519, 520). For the
determination of [2-'°N]glutamine enrichment, its deamidated
product, the same derivative as that of glutamate, was analyzed by
monitoring ions at m/z 407 and 408.

Plasma and brain ammonia were quantified enzymatically (van
Anken and Schiphorst 1974). '*N-enrichment of plasma and brain
ammonia was analyzed after their conversion to norvaline by
reaction with 2-oxovaleric acid and glutamate dehydrogenase as
reported by Nieto ef al. (1996). Brain ammonia was partially
purified and concentrated before the conversion. Briefly, the
neutralized brain PCA extract was applied to a 1 mL column of
Dowex 1x8 (OH™ form) and the pass through fraction was collected,
brought to pH 3-5, and dried under vacuum. Norvaline that was
generated from 2-oxovaleric acid and ammonia was purified by
cation exchange column (Dowex 50Wx8, H' form) and dried. Tts
tertiary butyldimethylsilyl derivative was analyzed by GC/MS.
Selected ions (m/z = 186 and 187) generated by electron impact
ionization were measured for determination of '*N-enrichment.

Calculations

After adjustment for the baseline enrichment of the [M + 1] signal
of natural standards, the isotopic enrichment of '>N-containing
compounds was expressed as mol percent excess (MPE, mol%).
This was calculated from the tracer/tracee ratio (TTR, mol%) as
MPE = TTR/TTR + 1). ['"*N]amino acid content (nmol/g tissue)
was calculated from the product of the brain amino acid content
(umol/g tissue) and the corresponding '*N-enrichment. Throughout
this paper, ‘g’ in /g’ denotes g of tissue wet weight. All curve fitting
was carried out using the numerical routines in SAAMII (SAAM
Institute, Seattle, WA, USA).

Leucine kinetics

plasma leucine flux(Qpjasmqs kmol/g/h)
_ Rate of tracer input (1)

" Steady state isotopic enrichment

in which the rate of tracer input was taken as the rate at which the
leucine tracers were fed to the animals. The steady state isotopic
enrichment was the asymptotic value calculated by fitting the
relationship between the isotopic enrichment of plasma leucine
(Eteu, piasma (1)) and time (Fig. 2) to the equation:

Eleu‘pla.vma(t) =4x (1 - eikXt) (2)

A (the steady state isotopic enrichment) in eqn 2 was calculated
separately for [U-'C] and ['°N] leucine tracers to calculate
Oc piasma A On piasma> the flux (turnover) of leucine carbon (-C)
or -N, respectively, in plasma.
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QC,plasma = Id + Pp/asmu (3)
QN,plasma = Id + Pplaxma + Rtr,pla.vmu (4)

where = I, Ppiasma and Ry, piasmq are the rate of leucine uptake from
the diet, the rate of leucine appearance from the tissue via
proteolysis and the rate of leucine-N appearance via leucine
formation by transamination of o-KIC, respectively. Equations
3 and 4 enabled the rate of leucine-N appearance via leucine
formation by transamination of o-KIC to be calculated from the
relative fluxes of leucine-C and N:

Rtr,p/asmu (,umol/g/h) = QN,plasmu - QC‘plasma (5)

Rir piasma/ ON plasma(fraction of plasma leucine-N)
_ QN.pla.vma — QC,pla,wna (6)
QN plasma

Similarly, leucine flux in the brain (Qp,4;,) 1s the function of the
leucine influx (/) from plasma to brain, and the steady state
enrichment ratio of brain to plasma (SER).

1
Opvain(pmol [g/h) = </ (7)

Leucine formation via reverse transamination in the brain
(Ru: prain) 1s the function of leucine-C flux (Qc¢ prain) and leucine-N
flux (O, prain) in the brain as is eqn 5

Rtr.bmin (,um‘)l/g/h) = QN.bmin - QC.bmin (8)

Therefore, contribution of leucine formation via reverse trans-
amination to the brain leucine-N flux (Ry.prain/ON.prain) Was
calculated from the steady state enrichment ratios (brain/plasma)
of [U-'*C]leucine (SER) and ["*N]leucine (SERy).

_ SERy
SERc

QN,bmin — QC,bmin
QN \brain

=1

Rtr,brain/QN.brain = (9)

Contribution of leucine influx from the plasma pool to brain
leucine-N flux (/;/On,prain), contribution of leucine appearance via
proteolysis in the brain (Pp,qin/On,brains fraction of leucine-N flux)
was calculated from SER- and SERy.

]f/QN‘hra[n = SERy (10)
SER
Pbmin/QNA,brain = ﬁ - SERN (1 1)

As with the plasma data (eqn 2), the steady state isotopic
enrichments were the asymptotes of the relationship between the
enrichment of brain [U-">C] and ['*N]leucine and time (Fig. 1).

On the assumption that the '°N in the brain derived exclusively from
leucine (Table 2), an estimate of the apparent uptake of plasma leucine
by the brain (Ir o, () can be calculated at any time ¢ from the
sequestration of '5N in the brain (2 N(?)), and the area under the curve
(AUC) of the "*N-enrichment of plasma leucine (4UCE,,,, plasma ())-

YN

lrap(O)(umol [/h) = o= )
Ell.p asma

(12)

in which X ">N(¥) is the sum of the '*N (umol/g) contained in brain
leucine, glutamate, glutamine, aspartate, alanine, GABA, glycine,
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serine and NH;. This provides a minimum estimate of leucine
uptake at time ¢, because there is undoubtedly simultaneous release
of >N from the brain along with the uptake of ['*N]leucine by the
brain, and as a result there is an exponential fall in the apparent rate
of leucine uptake with time (Fig. 2). Real rate of leucine uptake
from the plasma pool () was therefore calculated from the intercept
(= B) at time zero as predicted from the relationship.

Ipapl0)(umol [g /) = B x &' (13)

Using the estimated /; brain leucine-C and -N fluxes were
calculated by eqn 7, and then R,,. pqi, and Py, were calculated by
eqns 9 and 11, respectively.

Glutamate kinetics
Because of the known substrate specificity of BCAT, it is reasonable
to assume that the large majority of newly transported leucine is
transaminated specifically to glutamate, as opposed to aspartate and
alanine. On the assumption that subsequent glutamine, aspartate,
alanine and GABA '’N-labeling derives from glutamate, the
apparent rate of transamination from leucine to o-KG at time ¢
(Fy, ap (1), pmol/g/h) can be calculated from the '>N-labeling of
these products of glutamate metabolism. Similarly to eqn 12,
6BV ()
Firap(t)(umol /g [h) = AUCE i (0) (14)
in which £ G°N®) is the sum of N contained in glutamate,
glutamine (amino N), aspartate, GABA and alanine in the brain,
AUCE 4y, prain (1) (mol%x h) is AUC of the isotopic enrichment of
brain [°N]leucine, and ¢ is in h. This relationship was also
exponential so that the rate of forward transamination (F,) was
estimated from the intercept at time zero as is the rate of leucine
uptake by the brain (eqn 13).

Statistics

All data are presented as means + standard deviations (SD).
Statistical significance between time points (i.e. between animals)
was determined either by Dunett’s test or by Tukey’s honestly
significant difference (HSD) test following an anova for multiple
comparisons. Within animal comparisons among amino acids were
assessed with paired f-tests. A p (two-tailed)-value of less than 0.05
was considered statistically significant.

Results

Plasma and brain amino acid concentrations

Despite marked changes in the plasma, the concentrations of
amino acids in the brain were almost constant (Table 1). The
steady state of brain concentration also applied to both
GABA and ammonia.

Kinetics of U->C- and "*N-labeling in plasma and brain
leucine

The isotopic enrichment of plasma [U-'>C]leucine (Fig. 1a)
and ["°N]leucine (Fig. 1b) increased gradually and reached a
plateau 6 h after the start of the tracer feeding. The steady
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Table 1 Time course of amino acid concentrations in plasma and brain

Time of feeding (h)

Time of feeding (h)

0 3 6 0 3 6 h
Brain (umol/g) Plasma (pmol/mL)
Leucine 0.07 + 0.01 0.08 + 0.01 0.08 + 0.02 0.09 + 0.01 0.06 + 0.01  0.14 +0.02** 0.17 £ 0.04**  0.21 + 0.03**
Isoleucine 0.03 + 0.01 0.04 + 0.00 0.04 + 0.00 0.04 + 0.01* 0.05+0.01 0.12+0.02** 0.15+0.04* 0.16 = 0.04**
Valine 0.09 + 0.01 0.09 + 0.01 0.09 + 0.00 0.10 £ 0.01*  0.12+0.08 0.27 +0.05** 0.30 + 0.13**  0.40 = 0.09**
Glutamate  10.48 £+ 1.24 11.03+1.18 10.95 + 1.28 11.06 + 0.97 0.20 +0.02 0.13+0.03** 0.12 +0.04* 0.12 + 0.03**
Glutamine 4.53 + 0.51 5.11 +0.26 5.29 + 0.37* 5.39 + 0.49** 059 +0.09 0.80=+0.10* 0.76 + 0.09** 0.74 + 0.05*
GABA 2.82 + 0.61 2.84 + 0.61 2.89 + 0.58 3.06 + 0.68 - - - -
Aspartate 1.51 £ 0.10 1.72 £ 0.13 1.65 + 0.17 1.68 £ 0.15 0.01 £0.00 0.01 + 0.00 0.01 + 0.00 0.01 + 0.00
Alanine 0.52 + 0.05 0.55 + 0.03 0.54 + 0.05 0.54 + 0.02 0.37 £+ 0.03 0.86 +0.14* 0.79 +0.12** 0.84 + 0.12**

Amino acid concentration in plasma and brain before (t = 0 h) and during feeding. All data are expressed as mean + SD (n = 6). *p < 0.05,

**p < 0.01 versus before the feeding (t = 0 h) (Dunnet’s test).
20ne of the plasma samples was missed because of failure.

state enrichments were 10.0 mol% for [U-">C]leucine and
30.9 mol% for plasma ['*N]leucine. The calculated plasma
leucine-N flux (2.7 mmol/kg body weight/h) exceeded that
of leucine-C (1.5 mmol/kg body weight/h), suggesting that
more than 40% of the plasma leucine-N derived from the
reverse transamination (i.e. amination of o-KIC). The
enrichments in both labeled forms of brain leucine paralleled
that of the plasma, and although complete isotopic equilib-
rium with the plasma pool was achieved within 30 min of
the start of isotope administration (see insets in Fig. 1), the
isotopic enrichments of both leucine tracers were lower in the
brain than in the plasma. The brain to plasma ratio of
[U-"*C]leucine enrichment, 0.61 £ 0.06, indicates that 39%
of the leucine-C flux derived from proteolysis. However, the
brain to plasma ratio of ['°N]leucine enrichment was only
0.23 £ 0.06, so that the brain leucine-N flux was 2.6-fold of
leucine-C flux [i.e. (1/0.23)/(1/0.61)], indicating that a large
part (62%) of leucine-N derived from the reverse transam-
ination of o-KIC in the brain.

15N uptake by the brain
As expected from the role of leucine as a nitrogen donor at
many sites within the body, other plasma amino acids were
rapidly and significantly labeled with '*N. Because of this,
we regarded it as essential to estimate the degree to which
other amino acids could have contributed to the brain '*N
and hence, glutamine and glutamate synthesis. The potential
contribution of labeled amino acids in the plasma is shown in
Table 2. Leucine transport accounted for approximately 90%
of the brain '’N uptake over the course of the period of
labeling; the remaining >N was accounted for by the uptake
of ["*Nlisoleucine and ['*N]valine (117 nmol 15N/g brain at
9 h, 5.5% of total '’N uptake), and ['*N]glutamine (97 nmol
'N/g brain at 9 h, 4.5% of total '’N uptake).

By dividing the accumulated '°N in the brain at each time
point (see Table 3) by the AUC of the plasma, ['°N]leucine

isotopic enrichment allows an estimate of the apparent rate of
leucine uptake from the plasma pool. Excluding the calcu-
lated uptake of isoleucine, valine and glutamine, the apparent
SN uptake was 1.18 + 0.11 pmol '>N/g brain over the whole
9 h period, yielding an apparent rate of leucine uptake of
0.52 £ 0.04 pmol/g/h. However, it is clear from Fig. 2 that
the rate fell with time, presumably reflecting a progressively
increasing loss of '°N from the brain free amino acid pool.
The exponential relationship between apparent rate of leucine
uptake and time (Fig. 2) predicted a real rate of leucine
uptake of 1.3 pmol/g/h as a y-intercept, a rate that is
comparable with the value (0.9 pumol/g/h) estimated by
Smith et al. (1987). Using this estimate of the uptake of
leucine, the data on the labeling of brain [U-'*C]leucine
suggest that the leucine-C flux was 2.2 umol/g/h and the
entry of leucine from proteolysis within the brain was
0.9 pmol/g/h. On the basis of the relative labeling of [U-3C]
and ['*N]leucine, we estimate that the leucine-N flux was
5.8 umol/g/h (a fractional turnover rate of 120%/min), the
difference reflecting leucine synthesis from o-KIC via
reverse transamination (3.6 pmol/g/h). Under the assumption
that protein pool size is constant in the brain during the
experiment, 15% of brain leucine-N was utilized for protein
synthesis and the other 85% (5.0 pmol/g/h) for the forward
transamination mainly to o-KG.

Glutamate, aspartate and GABA and glutamine
(amino-N) labeling

The time course of the labeling of the amino-N of brain
glutamine, glutamate, GABA and aspartate is shown in
Table 4. Although the isotopic enrichment of ['°N]glutamate
was close to that of [2-15N]glutamine, it was in fact
2.2 + 2.7% more enriched with '*N than glutamine amino-N
(p < 0.05, paired #-test, n = 30). The isotopic enrichments of
["*Nlaspartate and ['°N]JGABA were also 14.4 +9.7%
(p <0.00001, n = 30) and 11.0 £ 11.2% (p < 0.0001,

© 2004 International Society for Neurochemistry, J. Neurochem. (2004) 88, 612622



(a) [U-13C]leucine

O Plasma leucine

X 101 o Brain leucine
E
< 8
=
5}
£ 6 %
% Equilibration of brain
’: [UBC]leucine
AN
) £ 08
) % oef—"
2 2 B 04
S £ 02
=) 200
) 02 46 8
! 0 . L .
e leucine () [**N]leucine
~ 4015,
s E 06
e £ 04
E 30 £ 02
) 4 g,
= 0.0
-5}
£
o 20
o
St
=
-5
210
8
| e
ol— ; . .

0 2 4 6 8 10
Time of Labeling (h)

Fig. 1 Time course of leucine labeling. The diet containing ['°N]leucine
or [U-"3Clleucine was fed to the rat for 0.5-9 h after 12 h of fasting.
U-"3C- and "®N-enrichment of plasma leucine (open circles) and brain
leucine (closed circles) were plotted. Insets show the time course of the
isotopic enrichment ratio of brain to plasma leucine. (a) [U-'*C]leucine
[dietary enrichment: 19.4-19.6% (w/w) of total leucine, n = 2-6]. (b)
['®*N]leucine [dietary entichment: > 98% (w/w), n = 6 at 1-9 h or 78.4—
80.0% (w/w), n = 3 at 0.5 h, the data of the latter were used after the
correction by the dietary enrichment]. All data are expressed as mean +
SD. U-'3C- and '*N-enrichments of brain leucine were significantly
lower than those of plasma leucine at any time points (p < 0.01, paired
t-test). Brain to plasma ratios of ['®N]leucine enrichment were signifi-
cantly lower than those of [U-'3C]leucine enrichment at any time points
(p < 0.01, Tukey-HSD test). No statistical difference was detected ei-
ther among the ratios of [U-'3C]leucine or among those of ['®N]leucine
(Tukey-HSD test), except the ratios of ['®*N]leucine between 1 and 9 h
of feeding.

n = 30) higher than that of [2-15N]g1utamine. Moreover,
aspartate and GABA were more enriched with N than
glutamate (p < 0.00001 and p < 0.001, n = 30, respectively).
Thus, the '*N-enrichment of the pool of glutamate that had
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Table 2 Potential contribution of ['®N]Jamino acid in the plasma to '°N
uptake by the brain

Predicted '°N-uptake by the
brain (nmol "*N/g brain)

Influx®

(umol/g/h) 0-3 h 0-6 h 0-9h
Leucine 0.85 423 1119 1892
Isoleucine 0.17 17 44 76
Valine 0.13 8 23 41
Glutamine 0.24 13 47 97
Methionine 0.10 1 4 8
Phenylalanine 0.64 3 8 14
Tyrosine 0.46 1 3 7

Cumulative '®N uptake by the brain via each amino acid (U(t), umol/g
tissue) was calculated according to the equation U(t) = f;, x B(t), in
which, f;, (umol/g/h) is the influx of each amino acid from the plasma to
the brain, and B(t) (mol% x h) is AUC of the '®N-enrichment of the
corresponding amino acid in the plasma from 0 to th in the rat fed with
["®*N]leucine.

&The amino acid influx measured in in situ rat brain by Smith et al.
(1987) was used as f;, for the calculation.

Table 3 ["*N]amino acid content in the brain in the rat fed with
["®*N]leucine diet

Time of [**N]leucine labeling (h)

(nmol/g) 3 6 9
Leucine 52+05 74 +20 85+17
Isoleucine 1.1+£0.2 1.5+0.3 24 +0.6
Valine 21 +0.3 3.3x0.2 5109
Glutamate 2458 £ 22.4 400.6 = 23.0 562.3 + 40.8
Glutamine 166.8 + 13.6 295.5 + 13.6 426.2 + 27.9
GABA 69.2 + 17.3 112.4 + 23.6 170.0 + 45.2
Aspartate 432+ 34 65.3 £ 5.9 90.6 + 6.8
Alanine 11.9+1.8 176 £ 2.3 255 +2.1
Serine 5.6 +0.4 8.7+13 13.7£1.9
Glycine 3.4+07 7814 134 £25
Ammonia 29+0.8 6.2+15 10.5 + 3.9
Total 557.2 £ 47.7 926.2 = 49.7 1328.2 + 122.6

Cerebral ®N-content of each amino acid and ammonia in the rat fed
with ["®N]leucine diet. Total is the sum of the '®N-content in the 10
kinds of amino acids and ammonia shown in the Table. ['®*N]glutamine
includes both [2-'°N] and [5-'®N]glutamine. All data are expressed as
mean + SD (n = 6).

been utilized for aspartate and GABA synthesis was greater
than that of the bulk pool of glutamate, implying that there
were at least two sources of glutamate labeling in the brain.

Contribution of leucine-N to brain amino-N metabolism
Table 3 shows the distribution of '°N among other amino
acids in the brain. Glutamate (43 +3%), glutamine
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Fig. 2 Estimation of the rate of leucine uptake by the brain. Apparent
rate of "®N-uptake (umol/g/h) calculated as described in the Experi-
mental procedures decreases exponentially (1-34 x e~%1" ) during
the ["*N]leucine labeling. The y-intercept at 0 h predicted an estimate
of the real rate of leucine uptake of 1.3 umol/g/h.

(31 +£2%), GABA (12 +3%), aspartate (7 £ 0.7%) and
alanine (2 + 0.3%) collectively accounted for 95% of the
total quantity of '"N in the acid soluble pool, and brain
['*N]leucine accounted for less than 1% of the total. The
quantity of "N among the other individual amino acids and
ammonia was maintained within 2% of the total '°N in the
brain throughout the experiment.

Glutamate synthesis
Because of the substrate specificity of BCAT (Hall et al.
1993), it is likely that the initial transamination of leucine

generates glutamate, and that this glutamate then acts as
the common precursor for '°N entry into the other
products (i.e. glutamine, GABA, aspartate and alanine).
With this assumption, the quantity of '>N sequestered in
brain glutamate, glutamine (amino-N), aspartate, alanine
and GABA was divided by the AUC of the isotopic
enrichment of brain leucine to calculate the apparent rate
at time ¢, and then to estimate its real rate of transam-
ination of leucine to glutamate. The rate of forward
transamination so estimated was 5.4 pmol/g/h, which was
close to that calculated from the kinetics of [U-'*C] and
['°N]leucine labeling (5.0 pmol/g/h). The '*N-enrichment
ratio of glutamate to brain leucine rose progressively to
0.52+0.05 by 9h of ["“N]leucine feeding (Fig. 3),
indicating that more than 50% of glutamate-N derived
originally from leucine.

Leucine-N entry into ammonia and amide-N

of glutamine in the brain

Both brain ammonia and brain glutamine (amide-N) became
progressively more enriched with '>N as the experiment
proceeded (Table 5 and Fig. 3) so that by 9 h, the isotopic
enrichment of brain '’NH; was 30% of that of brain
["’N]leucine and significantly higher than the isotopic
enrichment of '>NH; in plasma. The ratio of the isotopic
enrichments of cerebral [5-'*N]glutamine to plasma '"NH;
also rose over the time of the study from 0.62 at 1 h to 1.45
at 9 h. The '°N-enrichment in amide-N of glutamine was
consistently (28%) higher than that of cerebral ammonia,
indicating a certain pool of ammonia more enriched with '°N
than the mixed ammonia pool of the brain.

Table 4 Comparison of isotopic enrichments of brain GABA, aspartate and serine with glutamate and amino-N of glutamine

Time of feeding (h)

Isotopic enrichment

(%) 1 2 3 6 9 p
['®N]glutamate 0.78 £ 0.15 1.50 + 0.08 2.23 +0.12 3.68 + 0.28* 5.10 + 0.27* < 0.05°
[2-"5N]glutamine 0.75 + 0.06 1.50 + 0.12 2.26 +0.12 3.58 + 0.25 4.89 + 0.20 -

(1.00 + 0.23) (1.01 + 0.08) (1.01 + 0.02) (0.97 = 0.02)* (0.96 = 0.03)* <0.05°
["*N]GABA 0.88 = 0.07* 1.62 £ 0.16 243 +0.25 3.89 + 0.17 5.50 + 0.43** < 0.00012
(1.16 + 0.23) (1.08 + 0.13) (1.09 + 0.11) (1.06 + 0.10) (1.08 = 0.09) < 0.001°
['*N]aspartate 0.94 + 0.04* 1.69 + 0.14* 252+ 0.17* 3.97 + 0.33* 5.41 + 0.26** <0.000012
(1.24 £ 0.22)* (1.13 = 0.05)* (1.13 + 0.03)#* (1.08  0.03)*# (1.06 + 0.02)** < 0.00001°
["*NJalanine 0.74 + 0.15 1.40 + 0.20 218 + 0.26 3.26 + 0.20* 477 +0.38 <0.05%
(1.00 = 0.39) (0.94 + 0.17) (0.98 = 0.15) (0.89 = 0.08)* (0.93 = 0.08) <0.01°
["®N]setine 0.21 = 0.07** 0.46 + 0.06* 0.72 + 0.07** 115+ 0.11* 1.79 + 0.07** < 0.0000012

(0.29 + 0.12)"* (0.31 + 0.05)"

(0.32 + 0.01)"

(0.31 = 0.03)** (0.35 = 0.02)** < 0.000001P

SN-enrichments of brain glutamate, amino-N of glutamine, GABA, aspartate, alanine and serine in the rats fed with the ["*N]leucine diet. All data
are expressed as mean = SD (n = 6). The values in the parentheses are isotopic enrichment ratios to ['°N]glutamate.

*p < 0.05, **p < 0.01 versus [2-'°N]glutamine. *p < 0.05, #p < 0.01 versus ['°N]glutamate (paired t-test).

aStatistical differences from [2-'°N]glutamine (all data (n = 30) at 1-9 h of the feeding were compared by paired ttest).

bStatistical differences from ['®N]glutamate (paired t-test, n = 30).
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Fig. 3 Contribution of cerebral leucine-N to glutamate-N and amide-N
of glutamine. Isotopic enrichment ratio of brain [*°N]glutamate (closed
circles) and [5-"°N]glutamine (open circles) to brain ["°N]leucine was
taken in each animal fed with the ["°N]leucine diet for 1-9 h (n = 6).
The ratio of ["*N]glutamate and [5-'°N]glutamine reached 0.52 + 0.05
and 0.31 + 0.04, respectively, at 9 h of 15N-Iabeling. All data are
expressed as mean + SD.

Discussion

A previous study using parenterally nourished and anesthe-
tized rats demonstrated the facility with which leucine-N
enters the brain glutamate pool (Kanamori et al. 1998), and
the present study confirms this general observation. How-
ever, in this previous investigation the brain leucine concen-
tration was elevated more than twofold by the leucine
infusion, which could conceivably have altered nitrogen
metabolism in the brain. In the present study, ['°N]leucine
was administered via the diet and the conditions of the
experiment were deliberately designed to achieve a constant,
and physiologically normal, brain leucine concentration in

Leucine-N metabolism in the brain of conscious rats 619

non-anesthetized and unstressed animals. Under these con-
ditions, the rate of incorporation of leucine-N into brain
glutamate-N was 5 umol/g/h, and at least 50% of the brain
glutamate-N had originally derived from leucine.

The degree to which tracer [U-13C]leucine was diluted in
the brain (61 £ 6% of plasma leucine isotopic enrichment)
indicated that 39% of the brain leucine-C derived from
proteolysis. However, the isotopic dilution of ['*N]leucine
was much greater than that of [U-'*C]Jleucine, indicating that
a large proportion of leucine-N derived from the reverse
transamination (i.e. amination of o-KIC) as observed in
previous in vitro studies (Yudkoff et al. 1994a, 1996; Hutson
et al. 1998). The results indicated that 23% of brain
leucine-N derived from plasma pool, 15% from proteolysis
and the other 62% from the reverse transamination. The rate
of leucine uptake by the brain (1.3 umol/g/h) was much
lower than the rate of forward transamination of leucine
(5.4 umol/g/h), also suggesting the significance of cerebral
leucine synthesis from o-KIC via the reverse transamination.

While these results largely confirmed previous work, there
were, however, a number of results that challenged some
current assumptions about nitrogen metabolism in the brain.
First, the amide-N of brain glutamine was rapidly labeled
with '>N. The uptake of plasma ['°N]glutamine could have
contributed no more than 5% of total '°N uptake by the brain
(Table 2), and the predicted uptake of plasma [5-'°N]gluta-
mine could have contributed less than 2.5% of brain
[5-'5N]glutamine (data not shown). Thus, most of the label
must have been incorporated via glutamine synthesis within
the brain. This raised the question of the source of labeled
ammonia for the synthesis of glutamine. Labeling of the
amide-N of brain glutamine has been shown in hyperam-
monemic rats infused with ['*NJammonia (Farrow e al.
1990) and in normal rats infused with a small amount of
['*N]ammonia (Cooper et al. 1979), indicating the entry into

Table 5 Isotopic enrichment of amide-N of glutamine and ammonia in plasma and brain

Time of feeding (h)

0 1 2 3 6 92

Ammonia (umol/mL)

Plasma 0.12 + 0.03 0.15 + 0.04 0.17 £ 0.05 0.14 + 0.04 0.17 + 0.05 0.13 £ 0.05

Brain 0.36 + 0.15* 0.36 + 0.05** 0.34 + 0.07** 0.35 + 0.07** 0.37 + 0.10* 0.40 + 0.12*
[**NJammonia (%)

Plasma - 0.41 +0.28 0.67 + 0.24 0.90 + 0.19 1.37 + 0.21 2.09 + 0.41

Brain - 0.17 + 0.07* 0.43 £ 0.12 0.83 + 0.12 1.69 + 0.13* 2.65 + 0.20*
[5-"°N]glutamine (%)

Plasma - 0.26 + 0.09 0.64 + 0.07 112 +0.24 1.80 + 0.27 2.94 +0.19

Brain - 0.25 + 0.10 0.61 + 0.10* 1.00 = 0.11% 2.03 + 0.36* 3.04 + 0.20"*

Concentrations of ammonia, '®N-enrichment of ammonia and amide-N of glutamine both in plasma and brain in the rat fed with ['*N]leucine diet. Al
data are expressed as mean + SD (n = 6). *p < 0.05, **p < 0.01, versus plasma, *p < 0.05, *p < 0.01 versus ['®N]ammonia (%) in the brain

(paired t-test).
@0ne of the plasma samples was missed because of failure.
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Fig. 4 Leucine nitrogen metabolism in the brain. "®N-distribution in the
brain in the present study suggested the incorporation of plasma-born
leucine-N directly into the neuronal glutamate-N. Collectively with the
existing prediction that glial BCAT dominantly catalyzes forward
transamination (i.e. glutamate synthesis), it can be assumed that
leucine-N enters into neuronal glutamate-N both directly via neuronal
BCAT and indirectly from glutamine synthesized in glia. This raises the
question of the site of the reverse transamination via BCAT, since
much greater leucine-N flux than leucine-C flux in the brain indicates
bidirectional transamination via BCAT.

brain of plasma ammonia for the amide-N synthesis.
However, it seemed unlikely to us that plasma ammonia
was the major precursor of the amide-N of brain glutamine
because the brain ammonia concentration was considerably
higher than that of the plasma, and because ammonia crosses
the blood-brain barrier presumably via passive diffusion.
Indeed, brain ammonia was more enriched with '°N than
plasma ammonia at 6-9 h of ['’N]leucine labeling. In
addition, the '’N-enrichment of the amide-N of brain
glutamine was higher than that of the bulk pool of brain
ammonia, suggesting that ammonia generation for glial
glutamine synthesis is not only compartmentalized but that
leucine-N is an important precursor for generation of this
ammonia pool. Accordingly, the product to precursor rela-
tionship (Fig. 3) between leucine and glutamine showed that
leucine supplied at least 30% of the amide-N of brain
glutamine. This estimate is at least twice the value derived
from studies using organ culture (Yudkoff et al. 1983). The
most plausible pathway for the transfer of leucine-N to the
amide-N of glutamine is the oxidative deamination of
glutamate via the glutamate dehydrogenase (GDH) reaction.
Although it has been shown that GDH is expressed at high
levels in the brain and that brain GDH can catalyze glutamate
synthesis from ammonia and o-KG under hyperammonemic
conditions (Farrow et al. 1990), whether GDH functions in
the direction of glutamate or ammonia generation under
physiological conditions has not been clarified. Further study
will be needed to elucidate the pathway for the ammonia
generation including that via the purine-nucleotide cycle
(Yudkoff et al. 1986).

The existence of a high rate of bi-directional transamina-
tion of leucine supports previous proposals of a pathway of

N-recycling via the leucine/o-KIC shuttle in the brain
(Yudkoff 1997; Hutson et al. 2001). On the basis of in vitro
experiments, Yudkoff et al. (1996) concluded that the
predominant direction of transamination via BCAT is toward
leucine synthesis in neuronal synaptosomes. However, two
observations from the present study indicate the possibility
that neuronal BCAT catalyzes glutamate synthesis as well as
glial BCAT. First, while the administration of either
['*CJHCO; (Waelsch ef al. 1964) or ['*Clacetate (Cerdan
et al. 1990) leads to a higher carbon isotopic enrichment
in glutamine than in glutamate, this was not so for the
"N-labeling in the present experiment in which isotopic
enrichments of glutamate were almost the same as those of the
amino-N of glutamine. Second, the '*N-enrichments of both
GABA and aspartate, glutamate metabolites that are largely
confined to the neuronal compartments, were higher than the
enrichment either glutamate or amino-N of glutamine. These
results strongly suggest the direct entry of leucine-N into
glutamate within the neuronal compartment. Here, the direct
entry of leucine-N into neuronal glutamate does not neces-
sarily mean de novo synthesis of glutamate, but would be
only a transamination from leucine to o-KG, since de novo
synthesis of glutamate takes place only in glia (Van den Berg
1972; Shank et al. 1985). Indeed, the well known fact that
carbon skeletons of glucose enter glutamate more intensively
than glutamine (Berl and Clarke 1969) indicates quantitative
significance of conversion of 9-KG to glutamate in the large
glutamate compartment, i.e. in neurons.

It has been predicted that glial BCAT predominantly
catalyzes forward transamination (i.e. glutamate synthesis),
because synthesis of glutamine in glia requires de novo
synthesis of glutamate and hence, nitrogen supply (Yudkoff
1997; Hutson et al. 2001). Anatomical access of glia to
blood capillaries also supports this prediction, since glutam-
ate synthesis via BCAT depends on the concentration of its
substrates, and since blood leucine is taken up into the brain.
Collectively with the previous observations (above), putative
leucine-N metabolism in the brain is illustrated in Fig. 4. In
the model, leucine-N enters into neuronal glutamate-N both
directly via neuronal BCAT and indirectly from glutamine
synthesized in glia.

Then, where is the site of the reverse transamination via
BCAT? Bi-directional transamination could take place in a
single compartment if the transamination reactions were
near equilibrium. Our preliminary observations indicate that
bi-directional transamination is not an intrinsic characteristic
of BCAT; despite the higher BCAT activity of kidney
(Suryawan et al. 1998), there were no differences between
leucine-C and -N fluxes in the kidney (data not shown). Thus,
it is reasonable to assume individual compartments for both
forward and reverse transamination. As one of the examples,
the mitochondrial compartment in neurons could be pro-
posed, since the mitochondrial inner membrane limits the
transport of amino acids and their metabolites. However,
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Bixel et al. (2001) have shown that neuronal cultures express
BCATc but not BCATm. Further study would be needed to
elucidate the site of the reverse transamination, including the
physiological meaning of nitrogen metabolism via a leucine/
o-KIC shuttle in the brain.

In the present study, the amino-N of glutamine, aspartate-N,
GABA-N, alanine-N and serine-N equilibrated very quickly
with brain glutamate-N (Table 4), indicating considerably
rapid metabolism of cerebral glutamate-N, which agrees with
previous observations by Mason et al. (1995). According to
their estimation, the rate of glutamate-N turnover was as fast
as 3400 pmol/g/h. Thus, the contribution of leucine-N to
glutamate synthesis was calculated as only 0.15% [= 5
(umol/g/h)/3400 (umol/g/h)] of glutamate-N turnover, while
the '’N-enrichment ratio of glutamate to leucine indicated
that more than 50% of glutamate-N derived originally from
leucine-N (Fig. 3). The much higher value in the latter
estimation indicates that a large proportion of '°N incorpor-
ated into glutamate in the first pass was metabolized to the
other amino acids and recycled again, which agrees with
previous findings indicating glutamate-N recycling in the
brain via the glutamate-glutamine cycle (Rothman 2001), the
GABA-shunt (Walsh and Clark 1976) and the aspartate/
malate shuttle (Yudkoff ef al. 1994b). Therefore, the
>N-enrichment ratio of glutamate to leucine suggests the
importance of leucine as an N-carrier from plasma, although
transamination between glutamate and leucine is only a
minor portion of total glutamate-N metabolism in the brain.

In conclusion, the present study investigated leucine-N
metabolism in the brain using conscious and unstressed rats.
Leucine-N was incorporated into glutamate directly both in
glial and neuronal metabolic pools via BCAT. The glutamate-
N was utilized for both the amino and the amide-N of
glutamine in the glia, or incorporated in GABA and aspartate
in the neurons. The rate of glutamate synthesis from leucine
was much higher than the rate of uptake of leucine from the
plasma pool, indicating that a large proportion of cerebral
leucine-N was derived from reverse transamination via
BCAT. These suggest a critical role of leucine not only as
an N-precursor for the synthesis of cerebral glutamate but
also as an N-carrier within the brain.
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