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Quinolinic acid lesion of the nigrostriatal pathway: effect on
turning behaviour and protection by elevation of endogenous
kynurenic acid in rattus norvegicus

A.F. Miranda?, M.A. Sutton®, R.J. Beninger®:¢, K. Jhamandas?, R.J. Boegman?*

2Department of Pharmacology and Toxicology, Queen’s University, Kingston, Ontario, Canada K7L 3N6
bpepartment of Psychology, Queen’s University, Kingston, Ontario, Canada K7L 3N6
‘Department of Psychiatry, Queen’s University, Kingston, Ontario, Canada K7L 3N6

Received 26 August 1998; received in revised form 5 January 1999; accepted 5 January 1999

Abstract

Endogenous excitotoxins have been implicated in degeneration of nigral dopaminergic neurons in Parkinson’s disease. It may
be possible to reduce neurodegeneration by blocking the effects of these endogenous agents. The present study shows that
contralateral turning seen following quinolinic acid-induced lesions of the nigrostriatal dopaminergic pathway was reversed by a
treatment that increased brain levels of kynurenic acid, an endogenous excitatory amino acid antagonist. The treatment con-
sisted of nicotinylalanine (5.6 nmol/5 ul i.c.v.), an inhibitor of kynureninase and kynurenine hydroxylase plus the precursor
kynurenine (450 mg/kg i.p.) plus probenencid (200 mg/kg i.p.), an inhibitor of organic acid transport. Thus, neuroprotection
by increasing brain kynurenic acid in vivo may be useful in retarding cell loss in Parkinson’s and other neurodegenerative
diseases involving excitotoxicity. 0 1999 Elsevier Science Ireland Ltd. All rights reserved.
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Excitatory amino acids (EAA) and their receptors have KYNA in the SNc may be sufficiently high to influence
been implicated in the neuronal loss observed in Parkin- EAA receptor function in vivo [12] and an increase in
son’s disease (PD) [16]. Thus, activation Mfmethylp- QUIN or a decrease in KYNA production may result in
aspartate (NMDA) receptors has been shown to be toxic excessive activation of NMDA receptors. Thus, a balance
to substantia nigra pars compacta (SNc) dopamine (DA) may exist between the production of QUIN and KYNA in
neurons in vitro [8] and in vivo in rats [4]. the SNc.

Certain endogenous excitotoxins may be involved in PD  The level of KYNA in the brain can be influenced by
[11]. In the CNS, tryptophan metabolism via the kynurenine nicotinylalanine (NICALA) [3], an inhibitor of kynureni-
pathway vyields quinolinic acid (QUIN) which activates nase and kynurenine hydroxylase, enzymes critical to the
NMDA receptors and has been shown to be neurotoxic biosynthesis of QUIN. Inhibition of this pathway elevates
[5]. Another tryptophan metabolite, kynurenic acid the concentration of kynurenine, a substrate for KAT. SNc
(KYNA), acts as an antagonist at EAA receptors [7]. Kynur- infusion of QUIN is toxic to DA neurons, as reflected in the
enine amino transferase (KAT) and 3-hydroxyanthranilic depletion of striatal tyrosine hydroxylase (TH) and the loss
acid oxygenase, the enzymes responsible for the productionof SNc TH immunoreactivity [4]. Recently, we demon-
of KYNA and QUIN, respectively, have been found in strated that intracerebroventricular (i.c.v.) NICALA when
astrocytes surrounding glutamatergic afferents and DA neu- coupled with systemic kynurenine and probenecid, elevates
rons in the SNc [12]. The concentrations of QUIN and brain KYNA and prevents QUIN neurotoxicity [10]. At

present, the possible functional significance of this neuro-
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the functional significance of NICALA-produced neuropro- respectively. Turning ratio has been shown to be a more
tection. Partial SNc lesions with QUIN led to contralateral reliable index of turning behaviour than the absolute num-
turning. We assessed the effect of an elevation of endogen-ber of turns, as the latter measure is highly influenced by
ous KYNA produced by the administration of NICALA, overall motor activity which is unrelated to directional bias.
kynurenine and probenecid on this turning. KYNA was measured according to the method of Russi et
Male Sprague—Dawley rats (Charles River, St. Constant, al. [13] with some maodifications. Briefly, the rats were
Quebec) weighing 100-125 g with free access to food (Pur- killed by decapitation and the brain rapidly removed. The
ina rat chow) and water were housed individually and main- SNc or striatum pooled from two rats was homogenized in 4
tained on a 12:12 h light-dark cycle (lights on at 04:00 h) at ml of a mixture (3:1) of ethanol and 1 N NaOH. After
a temperature of 2C€. Treatment was in accordance with centrifugation (10 min, 5008 g) the pellet was resus-
the Animals for Research Act, the Guidelines of the Cana- pended in 5 ml of 90% ethanol and centrifuged again (10
dian Council on Animal Care and relevant University pol- min, 5000x g). The supernatants were pooled and placed at
icy, and was approved by the University Animal Care -80°C overnight to precipitate fatty materials which were
Committee. discarded. Dowex AG1 Wx8 (acetate form 100—200 mesh,
Rats were anaesthetized with a 2% halothane, 98% O 200-300 mg) was added to the supernatant. The suspension
mixture and positioned in a stereotaxic apparatus. The treat-was mixed for 5 min and centrifuged (10 min, 508@).
ment regimen and dose of NICALA employed here pre- The supernatant was discarded and the resin washed in 2 ml
viously had been shown to produce the greatest increaseof distilled water. The Dowex resin then was mixed with 1
in whole brain KYNA concentration [6]. NICALA (5.6 ml of 10 N formic acid to recover the KYNA. Following
nmol/5 ul; Colour Your Enzyme, Kingston, Ontario) was centrifugation (10 min, 5008 g), the supernatant was
dissolved in 0.9% saline (pH 7) and administered i.c.v. over mixed with 100 mg of Dowex resin (AG50 Wx8 H
167 s at coordinates: 0.8 mm posterior to bregma, 1.45 mmform). The resin was washed with 2 ml of water and
lateral to the midline and 3.6 mm ventral to the surface of KYNA extracted with 2 ml of 3 N ammonium hydroxide.
the skull with the incisor bar set at3.3 mm. Probenecid To determine the percent recovery, a control sample con-
(200 mg/kg) and kynurenine (450 mg/kg; Sigma, St. Louis, taining a known amount of KYNA was taken through the
MO), dissolved in 1 N NaOH and titrated to pH 10 with 1 N same purification procedure. Routinely, the recovery of
HCI, were administered i.p. during the infusion of NICALA. KYNA was 70%. The sample containing KYNA was lyo-
Control animals received saline gbi.c.v.) with kynurenine philized, resuspended in 2Q0 of 50 mM Na" acetate (pH
and probenecid. Three hours following injections of 6.2), and 5Ql applied to the HPLC column. A mobile phase
NICALA or saline, QUIN (60 nmol/0.5ul), dissolved in consisting of 4.5% acetonitrile and 50 mM Nacetate (pH
0.9% saline and titrated to pH 7.4 with 1 N NaOH, or saline 6.2) was pumped through a CSC-Spherisorb-ODS2, 3 mm
(0.5 ul) was infused into the SNc over 75 s at respective reverse-phase column at a flow rate of 1.0 ml/min. A solu-
coordinates: 5.3, 2.2 and 7.7 mm [4]. For attachment to the tion of 0.5 M zinc acetate was delivered postcolumn at a
rotometer, an arborite chip was affixed to the skull with flow rate of 1.0 ml/min to enhance the fluorescence signal.
dental acrylic and screws. KYNA was detected using a fluorescence detector operating
The injection apparatus consisted of a stainless steel can-at excitation and emission wavelengths of 344 and 398 nm,
nula (0.36 mm diameter) connected to an infusion pump- respectively. The peak area under the curve was integrated
mounted Hamilton syringe via PE-20 polyethylene tubing. and used for data analysis.
The cannula was left in place for an additional 2 min to  Striatal TH activity was determined two weeks following
allow for diffusion. the infusion of QUIN or saline using a method described
For behavioural testing a plastic cylinder (45 cm dia- previously [4]. Protein was determined by the method of
meter, 30 cm high) was located inside a ventilated, illumi- Bradford [2] and TH activity expressed as pmocldopa
nated, sound-attenuating box. The rotometer was a rotatingformed/mg protein per h. For each animal, the results
disk with a single slot that moved past four infrared beams were expressed as a percentage of the enzyme activity mea-
oriented at 90 intervals. A sliding stainless steel lead, sured in the contralateral (uninjected) side. For untreated
clipped to the arborite chip in the rat’s skull mount, allowed animals, these values were 58010 pmol/mg protein per
unrestricted movement. The number of full turns in each h (n = 3), which agree with reported values [4].
direction was recorded on a circuit board connected to a The turning ratios for each group were subjected to a
computer. repeated measures analysis of variance (ANOVA) to assess
Testing was carried out at the beginning of the dark per- rotational bias over the four experimental sessions. Between
iod. On days 4, 6, 8 and 10 after surgery, turning was mea- groups ANOVAs assessed the significanBe<( 0.05) of
sured for 20 min. Turning was quantified using the ratio of treatment effects on KYNA.
the number of turns toward (ipsilateral to) the lesioned side  Three hr following the administration of NICALA,
divided by the total number of turns. Thus, a ratio of 0.5 kynurenine and probenecid, nigral KYNA was increased
corresponds to no directional bias, whereas lower and 2.2-fold when compared to untreated rats and 1.4-fold
higher ratios indicate contralateral and ipsilateral turning, when compared to rats that received saline, kynurenine
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and probenecid (Table 1). For striatal KYNA (measured in
different groups of rats), the treatment produced a 3-fold

increase compared to untreated rats. All of these effects

were significant.

Turning behaviour assessed the function of DA neurons

following the infusion of QUIN or saline into the SNc. The
mean turning ratios of rats receiving nigral saline or QUIN,
or rats pretreated with NICALA, kynurenine and probenecid
3 h prior to QUIN infusion into the SNc, are shown in Fig. 1.
Turning ratios in rats that received nigral saline showed no
significant change over the observation period. QUIN-trea-

ted rats showed a contralateral turning bias 4 days post-
treatment that became progressively weaker across sessions

(sessions effectP < 0.05). Rats that received NICALA,
kynurenine and probenecid 3 h prior to the infusion of
QUIN showed no significant directional bias. Motor beha-
viour (total turns) did not change from day 4 to day 10 in any
of the treatment groups (data not shown).

The 10-day period from surgery to the completion of
behavioural tests precluded reliable identification of injec-
tion sites. TH activity in the striatum on the injected side,

expressed as a percentage of that on the intact side, was used

as a biochemical marker to confirm DA neurotoxicity in the
SNc (Table 2). TH activity in the ipsilateral striatum 2
weeks following QUIN infusion was reduced significantly
(P < 0.01), confirming the neurotoxic action of this NMDA
receptor agonist. TH activity was not reduced significantly
in the ipsilateral striatum of saline treated rats. Ipsilateral
striatal TH activity in rats that received NICALA, kynure-
nine and probenecid 3 h prior to QUIN was not different
from the contralateral side, indicating that elevated endo-
genous KYNA protected nigral DA neurons from QUIN-
mediated toxicity.

The present study provides the first evidence that QUIN-
induced partial lesions of the SNc produce turning beha-
viour that is prevented in rats pretreated with NICALA,

Table 1

Concentration of kynurenic acid (KYNA) in the substantia nigra pars
compacta and striatum in untreated rats (naive) or 3 h following the
administration of nicotinylalanine (NICALA; 5.6 nmol i.c.v.) with
kynurenine (450 mg/kg i.p.) and probenecid (200 mg/kg i.p.); or sal-
ine (5 pl i.c.v.) with kynurenine and probenecid. Data are expressed
in pmol/g tissue and each point represents the mean + SEM. Groups
were compared using ANOVA followed by Newman-Keuls tests to
determine differences between groups.

Kynurenic Acid (pmol/g tissue)

Brain Region Naive Saline + NICALA +
Rats Kynurenine +  Kynurenine +
Probenecid Probenecid
Striatum 964 + 240 1965 + 560 2893 + 585*
(n=3) (n=5) (n=3)
Substantia 530 + 33 822 + 55 168 * 61**
nigra compacta (n=3) (n=16) (n=16)
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Fig. 1. Effect of nigral QUIN lesions on turning behaviour. The turning
ratio was calculated by dividing the number of full turns made ipsi-
lateral to the lesion side by the total number of full turns. Rats
received an intranigral infusion of saline (0.5 ul, open bars, n = 15)
or QUIN (60 nmol/0.5 ul, n = 12, filled bars). Hatched bars represent
rats (n = 13) that were pretreated with NICALA (5.6 nmol in 5.0 ul),
kynurenine (450 mg/kg i.p.) and probenecid (200 mg/kg i.p.) prior to
the infusion of QUIN. Each bar represents the mean + SEM. *Indi-
cates a statistically significant day effect (P < 0.05) and post hoc
tests (Newman-Keuls) showed day 4 differed from day 10.

o

kynurenine and probenecid. This treatment produced a sig-
nificant elevation in brain KYNA and protected against

Table 2

Effect of endogenous KYNA on striatal tyrosine hydroxylase (TH) 14
days following unilateral intranigral infusion of quinolinic acid (QUIN).
TH activity in the injected side is expressed as a percentage of the
activity in the uninjected side in the same animal. Animals received
saline, QUIN (60 nmol) or QUIN 3 h following the administration of
NICALA (5.6 nmoli.c.v.), kynurenine (450 mg/kg i.p.) and probenecid
(200 mg/kg). Each value represents the mean + SEM. Groups were
compared using ANOVA followed by the Newman-Keuls test to
determine specific differences between groups.

Treatment Pretreatment Tyrosine hydroxylase
activity (percent of
contralateral side)

Saline - 94.8 +2.2 (n=15)

QUIN (60 nmol) - 65 + 9.2* (n=12)

QUIN (60 nmol) NICALA + 90.5+4.4" (n=13)

Kynurenine +
Probenecid

*Represents a significant difference from untreated rats (P < 0.05).
“Represents a significant difference from rats that received saline
instead of NICALA (P < 0.05).

*Significantly different from the corresponding value in saline injected
animals (P < 0.05); *significantly different from animals injected with
QUIN alone (P < 0.05).
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QUIN-induced behavioural abnormalities.

In the present study, QUIN-induced partial lesions of SNc
DA neurons (approximately 50% reduction in striatal TH
activity) produced transient contralateral turning. A contral-
ateral turning bias is associated with excitation of the
nigrostriatal pathway on the lesion side [14,15]. Indeed,
immediately following the infusion of QUIN a strong con-
tralateral turning response was observed, presumably result-
ing from the excitation of DA neurons. However, neuronal
death occurs within 24 h of exposure to excitotoxic concen-
trations of QUIN. Thus, the observation of contralateral
turning 4 days following the infusion of QUIN may reflect
transient hyper responsiveness of the remaining nigrostria-
tal DA neurons, as suggested previously [1]. Perhaps this
effect results, in turn, from the loss of GABAergic inhibition
of DA cells in SNc following QUIN.

The fact that a 2.2-fold increase of nigral KYNA pro-
tected nigrostriatal DA neurons from QUIN-induced toxi-
city is surprising. There are several possible explanations
for this finding. One is that recent studies have shown that
KAT, the enzyme responsible for the biosynthesis of
KYNA, is present in astrocytes abutting excitatory synapses
in the SNc [12]. Perhaps the small increase in nigral KYNA
may result in a much higher local concentration of KYNA at
critical synapses in the SNc.

Another explanation is related to the recent finding that
kynurenine alone at a dose (500 mg/kg i.p.) similar to that
used here (450 mg/kg i.p.), resulted in a significant increase
in the concentration of QUIN in the brain [9]. However, in
the present study, the inhibition of kynureninase and kynur-
enine hydroxylase provided by NICALA should have pre-
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