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INDOLPYRUVIC ACID ADMINISTRATION INCREASES THE
BRAIN CONTENT OF KYNURENIC ACID

IS THIS A NEW AVENUE TO MODULATE EXCITATORY AMINO ACID
RECEPTORS IN VIVO?
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Abstract—The possibility of changing the tissue content of kynurenic acid (KYNA), a tryptophan
metabolite which acts as an antagonist of the excitatory amino acid receptors, was investigated by
measuring its concentration in the brain, blood, liver and kidney of rats using a specific method based
on ion exchange chromatography and HPLC. The administration of tryptophan (TRP) or of its keto
analogue, indolpyruvic acid (IPA) (50-500 mg/kg i.p.), significantly increased, in a dose-dependent
manner, the content of KYNA in various organs, including the brain. The increased brain content of
KYNA after IPA administration could not be completely explained by considering that IPA may be
transaminated to TRP and that the enzymes leading from TRP to KYNA are known. An alternative
pathway of KYNA synthesis from IPA was therefore proposed. These findings indicate that it is possible
to change the brain content of an endogenous glutamate antagonist. This could be a new avenue to
modulate in vivo excitatory amino acid receptors.
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In the last few years it has been shown that kynur-
enic acid (4-hydroxyquinoline-2-carboxylic acid,
KYNA), once considered an inactive metabolic com-
pound originating from tryptophan (TRP) metab-
olism, antagonizes, in a non-competitive manner,
the excitatory amino acid receptors, both in vive and
in vitro [1-3]. It has also been shown that KYNA is
present in the rat and human brain [4, 5] and that its
interaction with the excitatory amino acid receptors
probably involves a modulatory site which recognizes
glycine as a positive modulator [6-8].

In view of the potential pharmacological interest
of antagonizing the excitatory amino acid receptors
in different pathological situations {9,10], we
thought it interesting to investigate if and how the
administration of possible precursors of KYNA
could result in an increased brain content and util-
ization of this compound. Among the possible
KYNA precursors, we focused our attention on TRP
and on indolpyruvic acid (IPA) (Fig. 1). The last one
is a natural compound, present in biological fluids
and metabolized to tryptophan (TRP) through the
action of the aromatic amino acid transaminase [11-
13]. It has been previously demonstrated that TRP
administration to rats increases the brain content of
most of its metabolites including kynurenine, 5-HT,
5-HIAA, and quinolinic acid [14, 15] and that IPA
administration increases the brain content of 5-HT,
S-HIAA and TRP [16]. In the present study we
describe  experiments  showing that the
intraperitoneal administration of both TRP and IPA
causes an increased content of KYNA not only in
peripheral organs, but also in the brain and we
suggest that this could be a new avenue to modulate
in vivo the excitatory amino acid receptors.

* To whom correspondence should be addressed.

MATERIALS AND METHODS

Materials. Kynurenic acid, xanthurenic acid, tryp-
tophan, 5-HT-creatin-sulfate and 5-HIAA were pur-
chased from Sigma Chemical Co. (St Louis, MO).
Dowex AG1 Wx8 (100-200 mesh, acetate form) and
Dowex AG50 Wx8 (80-100 mesh, H* form) from
Biorad; acetonitrile and ethanol spectrograde were
obtained from Merck. Male rats, Wistar strain, were
obtained from Charles River, Como, Italy.

Determination of kynurenic acid. Kynurenic acid
was identified and measured according to Carla et al.
[4] with the minor modification reported in Moroni ef
al. [5]. Briefly, the animals were killed by decapi-
tation, their blood was collected and their brains,
livers and kidneys rapidly removed and placed in ice-
cold saline. Approximately 1 g of tissue was homo-
genized in 4 ml of a mixture (3:1) of ethanol and
NaOH 0.1 N. After a first centrifugation (10 min,
5000 g) the pellet was resuspended in 5 mi of 90%
ethanol. The collected supernatants were placed
overnight at —80° to precipitate fatty materials which
were discarded. Then, 250-300mg of an ion
exchange resin, Dowex AG1l Wx8 (acetate form
100-200 mesh) were added to the supernatant. The
mixture was carefully mixed for 5min and centri-
fuged. The supernatants were discarded while the
resin was resuspended in 2 ml of water and placed in
Pasteur pipettes in which a pellet of glass wool had
been previously inserted. The columns thus formed
were further washed with 5ml of water and with
10 ml of 1 N formic acid. Kynurenic acid was eluted
with 5ml of 10N formic acid. This was directly
passed through similarly prepared Pasteur pipettes
containing 250-300 mg of another Dowex resin
(AG50 Wx8 H* form). These small columns were
then washed with 0.01 N formic acid (2 ml) until the
eluate reached pH 6. Kynurenic acid was then eluted
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Fig. 1. The proposed pathways of tryptophan metabolism.

with 5 ml of 3N NH,OH. The collected eluate was
dried under vacuum. The dry residue was resus-
pended in 300 ul of water and an aliquot of it (70 ul)
was injected into an HPLC apparatus. This consisted
of a Perkin—Elmer pump (model 10) with a syringe
loading sample injection valve {model 7125 Rheo-
dyne), a 3 cm length reverse phase pre-column and
a 10cm identical column (RP 18 Spheri 5 ODS;
Brownlee Lab.). The detection was performed using
a Perkin-Elmer Model LC 90 UV spectrophoto-
metric detector operated at 340 nm. The mobile
phase used on a routine basis was a mixture of sodium
formiate (0.02N), citric acid (0.02N), NaH,PO,
(0.02N) and acetonitrile 2%. Under those
conditions, utilizing a flow-rate of 2 ml/min, auth-
entic kynurenate and the material extracted from the
brain had a retention time of 6 min 30 sec.

The sensitivity limit of the described HPLC
method (signal/noise ratio:3) was 6 pmol of kynu-
renate per injection. Standard curves of authentic
kynurenate passed through every step of the puri-
fication procedure gave linear responses in the range
of 6-600 pmol per injection. The inter-assay varia-
bility was less than 7%. When a known amount of
kynurenate was added to rat brain ethanol homo-
genates, its recovery, taking into account the docu-
mented loss in the ion exchange columns, was
95+ 7%.

Determination of tryptophan. TRP was measured
according to Lombardi et al. [17]. This procedure
also allows the measurement of 5-HT and 5-HIAA
notreported here. Briefly, the brain tissue was homo-

genized in HCIO, 0.4 M. After centrifugation, the
supernatant was filtered and placed in vials fitting a
Perkin-Elmer L.C 600 autoinjector connected to a
liquid chromatography apparatus. This consisted of:
the previously quoted autosampler, a Waters pump
Mod. 6000 A, a RP8 guard column, a reverse-phase
column (Brownlee-Spheri-50 S) and an electro-
chemical detector (BAS Model LC-4B) operated at
0.65 V. The mobile phase was selected according to
Kilts et al. [18] and consisted of a solution (pH 2.5)
containing Na,HPO, 75 mM, citric acid 100 mM and
methanol 10%. Data were analyzed by ANOVA and
the Dunnett ¢-test.

RESULTS

Effects of TRP or of IPA administration on the con-
tent of KYNA in the brain and other organs

Table 1 shows that TRP or IPA administration
caused a dose-dependent increase in the content of
KYNA in the brain and other organs. The kidneys
had the largest increase in the concentration of
KYNA. Time-course studies showed that the
increased brain KYNA content, after 250 mg/kg i.p.
of IPA, reached its maximum in 1 hr and it was still
significantly higher than in controls 4 hr later (Fig.
2). Repeated administration of IPA (250 mg/kg/day
for 7 days), however, did not further increase the
accumulation of KYNA in the brain: 1 hr after the
last injection of the precursors the animals had con-
centrations of KYNA in their brains that were not
significantly different from those obtained in animals
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Table 1. The effects of different doses of tryptophan or of indolpyruvic acid on the content of
KYNA in the brain and other organs

Brain Liver Kidney Heart Blood
Saline 16x3 89+ 10 262 + 20 678 203
IPA 100 22 £2* 480 = 35** - 70£5 -
IPA 250 30 £ 1** 827 + 41** 2593 = 180** 181 + 2%+ 130 + 9**
IPA 500 96 + 10* 1980 + 160** - - -
TRP 100 23 + 3* 455 + 40** 1250 + 110** 95 + 15* -
TRP 250 33 = 4+ - - - -

Values are pmol/g wet wt and are the mean + SE of at least seven animals. IPA and TRP
were administered intraperitoneally at the reported dose (mg/kg).

* P <0.05.
** P <0.01.
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Fig. 2. Time-course of the changes of KYNA content in various organs after IPA (250 mg/kg i.p.)
administration. Each point represents a mean value of at least six animals. Standard errors were within
10% (see Table 1).

treated once with an identical dose of the precursors
(data not reported).

Effects of probenecid on the brain accumulation of
KYNA

In order to clarify whether or not the observed
increase of brain KYNA content after IPA adminis-
tration was due to an increased rate of its synthesis
or to a decreased rate of its disposal, rats were
treated with a large dose of probenecid, a procedure
often used to obtain an index of the rate of synthesis
of acidic neurochemicals [19]. Probenecid (200 mg/
kg i.p.) increased the content of brain KYNA by
43pmol/g/hr (from 19+3 to 62 =7 pmol/g
mean * SE of six animals) in control rats; this
increase was 137 pmol/g/hr (from 12+4 to
179 = 20 pmol/g in rats pretreated with IPA
(250 mg/kg i.p. 1 hr before probenecid).

Differential actions of TRP and of IPA on brain
KYNA content

The increased formation of brain KYNA after the
administration of IPA was able to occur because IPA
is metabolized to TRP and subsequently to KYNA.
By measuring, in the same brains, the content of
both TRP and KYNA and by calculating the ratio
of TRP/KYNA after the administration of the two
precursors, it was possible to show that IPA adminis-
tration resulted in an increased brain content of both
TRP and KYNA, but that the ratio of TRP/KYNA
was significantly lower after IPA than after TRP
administration (Table 2).

DISCUSSION

The experiments reported here show, for the first
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Table 2. Relationship between the brain content of tryp-
tophan and KYNA

Brain TRP Brain KYNA  Ratio

Saline 216 2.4 28.4+29 760
TRP i.p.

250 mg/kg 321 = 28** 56.4 + 4,2** 5700
IPA i.p.

250 mg/kg 160 + 10** 72.2+6.1%* 2200

Values are the means = SE of at least six animals and
are nmol/g wet wt for TRP and pmol/g wet wt for KYNA.
The brain KYNA content in these experiments was higher
than those reported in Table 1 because the animals were
slightly older. The relationship between age and brain
KYNA content has been previously reported [28].

time, that the administration of TRP or of its keto-
analogue IPA, results in a dose-dependent increase
of the concentration of KYNA in different organs.
We focused our attention on the brain, which is one
of the organs containing the lowest concentrations
of KYNA, because in mammals, the excitatory
amino acid receptors have been mainly studied in
the central nervous system. In this organ IPA caused
alarge increase of KYNA synthesis. This was demon-
strated not only by measuring brain KYNA content
in animals pretreated with different doses of IPA,
but also by measuring the apparent turnover rate of
IPA after the inhibition of its disposal though a
probenecid sensitive mechanism [19]. Under those
circumstances, IPA administration (250 mg/kg)
increased by approximately three times the rate of
KYNA synthesis.

At least two metabolic pathways (Fig. 1) could
explain this observation: IPA could be transaminated
to TRP through the action of aromatic amino acid
transaminases, enzymes that have been repeatedly
demonstrated in the brain and in other organs
{13,20,21). These enzymes and the subsequent
metabolism of TRP [22] therefore, could explain
the increased concentration of KYNA after [PA
administration. The experiments described in Table
2, however, suggest that in the brain a portion of
IPA is transformed into KYNA without being
transaminated to TRP (Fig.- 1). In fact, if the
transamination was the only pathway through which
IPA could be metabolized to KYNA, the ratio
between the brain concentration of TRP and that of
KYNA should not be different in animals treated
with the keto-acid or TRP. These experimental
results, therefore, suggest that, at least in the brain,
the metabolic pathway represented in Fig. 1 by a
question mark is probably present.

A definitive demonstration for this metabolic path-
way requires the measurement of the specific activity
of TRP and of KYNA after the administration of
labelled IPA [15].

Unfortunately, the experiments reported here can-
not clarify whether or not the concentrations of
KYNA reached in the brain after IPA administration
are able to affect excitatory amino acid-mediated
neurotransmission. /n vitro experiments suggest that
concentrations of KYNA in the range of 1074 M are
necessary to antagonize the actions of glutamic acid
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or to reduce synaptic excitation [3, 10, 23, 24]. These
concentrations are certainly much larger than those
obtained after IPA administration. It should be con-
sidered, however, that KYNA is an allosteric modu-
lator of L-Glu receptors and that it probably acts at
the level of the strychnine insensitive glycine receptor
[7,8]. Its action, therefore, is dependent not only
upon its concentration or that of L-Glu, but also
upon the local concentration of glycine. Low con-
centrations of KYNA could therefore be, in par-
ticular situations, functionally active. In support of
this concept stands the observation that some of the
pharmacological actions of IPA irn vivo could be
explained by considering its metabolism to KYNA
and a consequent negative modulation of L-Glu
receptors [16, 25]. Finally it should be noted that
KYNA and glycine-sensitive excitatory amino acid
receptors are present also in peripheral neurons
[3, 26, 27]. Their physiological role is not known, but
it is reasonable to suppose that their function is
reduced by KYNA accumulation in the blood and in
other peripheral organs. This accumulation occurs
after IPA administration (Table 2) and is several
times larger than that described for the brain.

Acknowledgements—Supported by CNR and by the Uni-
versity of Florence. Indolpyruvic acid was kindly supplied
by Dr E. Politi, Polifarma S.p.a. Rome.

REFERENCES

1. Perkins MN and Stone TW, An iontophoretic inves-
tigation of the actions of convulsant kynurenines and
their interaction with endogenous excitant quinolinic
acid. Brain Res 247: 184-187, 1982.

2. Robinson MB, Anderson KD and Koerner JF, Kynu-
renic acid as an antagonist of hippocampal excitatory
transmission. Brain Res 309: 119-126, 1984.

3. Moroni F, Luzzi S, Franchi-Micheli S, Zilletti L, The
presence of NMDA-type receptor for glutamic acid in
the guinea pig myenteric plexus. Neurosci Lett 68: 57—
62, 1986.

4. Carla V, Lombardi G, Beni M, Russi P, Moneti G and
Moroni F, Identification and measurement of kynu-
renic acid in the rat brain and other organs. Analyt
Biochem 168: 89-94, 1988.

5. Moroni F, Russi P, Lombardi G, Beni M and Carla V,
Presence of kynurenic acid in the mammalian brain. J
Neurochem 51: 177-181, 1988.

6. Ascher P, Handerson G and Johnson JW, Dual inhibi-
tory actions of kynurenate on the N-methyl-D-aspar-
tate (NMDA)-activated response of cultured mouse
cortical neurones. J Physiol, in press.

7. Monaghan DT, Olverman HJ, Watkins JC and Cotman
CW, Two classes of NMDA recognition sites; dif-
ferential localization and regulation. Neurochem
International 12, S1: 2, 1988.

8. Fletcher EJ and Lodge D, Glycine modulation of
NMDA antagonist action in rat neocortical slices. J
Physiol, in press.

9. Schwarcz R and Meldrum B, Excitatory amino acid
antagonists provide a therapeutic approach to neuro-
logical disorders. Lancet July: 140-143, 1985.

10. Robinson MB and Coyle ST, Glutamate and related
acidic excitatory neurotransmitters: from basic science
to clinical application. FASEB J 1: 446-455, 1987.

11. Kuroda Y, A contribution to the metabolism of tryp-
tophan. J Biochem 37: 91-97, 1950.

12. Fonpum F, Haavaldsen R and Tangen O, Trans-
amination of aromatic amino acid in rat brain. J Neuro-



13.

14.

15.

16.

17.

18.

19.

20.

Kynurenate content and indolpyruvate

chem 11: 109-118, 1964.

Millard A and Gal EM, The contribution of 5-hydrox-
yindole-pyruvic acid to cerebral S-hydroxyindole
metabolism. Intern J Neurosci 1: 211-218, 1971.

Gal EM, Young RB and Scherman AD, Tryptophan
loading: consequent effects on the synthesis of kynu-
renine and 5-hydroxyindoles in rat brain. J Neurochem
31: 237244, 1978.

Moroni F, Lombardi G, Carld V and Moneti G, The
excitotoxin quinolinic acid is present and unevenly
distributed in the rat brain. Brain Res 295: 352-355,
1984.

Bacciottini L, Pellegrini-Giampictro D, Bongianni F,
De Luca G, Beni M, Politi V and Moroni F, Bio-
chemical and behavioural studies on indole-pyruvic
acid: a Keto analogue of tryptophan. Pharmacol Res
Comm 19: 803-817, 1987.

Lombardi G, Beni M, Carla V, Toffano G and Moroni
F, Differential actions of neurotrophic factors on les-
ion-induced damage of the serotonergic neurons pro-
jecting to the hippocampus. Brain Res, in press.

Kilts CV, Breese GR and Mailman RB, Simultaneous
quantification of dopamine, 5-HT and four meta-
bolically related compounds by means of reverse-phase
HPLC with electrochemical detection. J Chromatog
225: 347-357, 1981.

Neff NH, Tozer TN and Brodie BB, Application of
steady-state kinetics to studies of the transfer of 5-
HIAA from brain to plasma. J Pharmacol Exp Ther
158: 214-218, 1967.

Fonnum F, Haavaldsen R and Tangen O, Trans-
amination of aromatic amino acid in rat brain. Neuro-
chemistry 11: 109-118, 1964.

BP 38:15-B

21,

22.

23.

24.

25.

26.

27.

28.

2409

Tangen O, Fonnum F and Haavaldsen R, Separation
and purification of aromatic amino acid transaminases
from rat brain. Biochim Biophys Acta 96: 82-90, 1965.
Stone TW and Connick JH, Quinolinic acid and other
kynurenines in the central nervous system. Neuro-
science 18: 597-617, 1985.

Jahr CE and Jessel TM, Synaptic transmission between
dorsal root ganglion and dorsal horn neurons in culture:
antagonism of monosynaptic excitatory postsynaptic
potentials and glutamate excitation by kynurenate. J
Neurosci 5: 2281-2289, 1985.

Stone TW and Burton NR, NMDA receptors and
ligands in the vertebrate CNS. Prog Neurobiol 30: 333~
368, 1988.

Moroni F, Russi P, Carla V, Lombardi G, Kynurenic
acid is present in the rat brain and its content increases
during development and aging processes. Neurosci Lett
94: 145-150, 1988.

Luzzi S, Zilletti L, Franchi-Micheli S, Gori AM and
Moroni F, Agonists, antagonists and modulators of
excitatory amino acid receptors in the guinea pig myen-
teric plexus. Br J Pharmacol 95: 1271-1277, 1988.
Lewis 8], Cincotta M, Verbene Al, Jazzott B, Lodge
D and Beart PM, Receptor autoradiography with H-
L-glutamate reveals the presence and axonal transport
of glutamate receptors in vagal afferent neurons of the
rat. Eur J Pharmacol 144: 413-415, 1987.

Moroni F, Russi P, Lombardi G, Beni M and Carla
V, Kynurenic acid in the mammalian brain increases
during the aging process or after the administration of
its precursors. In: Newrology and Neurobiology, Vol.
46, “Frontiers in Excitatory Amino Acid Research”
(Eds. Lehman J et al.), pp. 629-636. Alan R, Liss, New
York, 1988.



