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Summary. Several brain-specific mechanisms control the formation of the 
endogenous excitatory amino acid receptor antagonist kynurenic acid 
(KYNA) in the adult rat brain. Two of these, dopaminergic neurotransmission 
and cellular energy metabolism, were examined in the brain of immature 
(postnatal day 7) rats. The results indicate that during the early postnatal 
period cerebral KYNA synthesis is exceptionally amenable to modulation by 
dopaminergic mechanisms but rather insensitive to fluctuations in cellular 
energy status. These findings may be of relevance for the role of KYNA in the 
function and dysfunction of the developing brain. 
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Introduction 

The prominent role of excitatory amino acids (EAAs) in brain development 
was recognized in the late 1980s. Thus, it became clear that one of the three 
ionotropic EAA receptors, the N-methyl-D-aspartate (NMDA) receptor, 
needs to be activated during development in order for synaptic plasticity to 
occur (Artola and Singer, 1987; Balazs et al., 1988). Disruption of NMDA 
receptor function during the critical perinatal period has catastrophic conse- 
quences including aberrant neuronal migration (Komuro and Rakic, 1993) 
and cognitive abnormalities (Wangen et al., 1997). Moreover, chronic block- 
ade of NMDA receptors during the neonatal period results in functionally 
significant behavioral changes (Gorter and de Bruin, 1992; Dall'olio et al., 
1994) and increased seizure sensitivity (Gorter et al., 1991) in mature animals. 

Kynurenic acid (KYNA), a metabolite of tryptophan, is present in the 
brain under physiological conditions. KYNA functions as an antagonist of 
EAA receptors, having a particularly high affinity to the glycine co-agonist 
site of the NMDA receptor complex (Perkins and Stone, 1982; Kessler et al., 
1989), and has been suggested to serve as an endogenous regulator of EAA 
receptor function (Schwarcz et al., 1996). By implication, abnormal cerebral 
KYNA levels may therefore adversely affect the developing brain. 
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In  the  brain as in the per iphery,  K Y N A  is fo rmed  by enzymatic  t ransam- 
inat ion of L-kynuren ine  (L-KYN),  but  no degradat ive  enzymes or re-uptake  
processes for K Y N A  have been  de tec ted  so far (Turski and Schwarcz, 1988). 
Therefore ,  after efflux, K Y N A  cont inues to be present  in the  extracellular 
mil ieu until  it is r em oved  f rom the brain th rough  a probenecid-sensi t ive 
t ranspor t  process (Moroni  et al., 1988). These  characteristics, as well as the 
demons t ra t ion  that  K Y N A  is neuropro tec t ive  in several in vivo models  of 
neu rodegene ra t i on  bo th  in the adult  (Foster  et al., 1984; G e r m a n o  et al., 1987; 
Gill and Woodruff ,  1990) and in the  immatu re  (Nozaki and Beal, 1992) brain, 
p r o m p t e d  us to s tudy K Y N A  metabol i sm in greater  detail. 

Studies with brain tissue slices (Gramsbergen  et al., 1997) and in vivo 
(Wu et al., 1992) demons t r a t ed  that  in adult  rats extracellular levels of 
K Y N A  can be modi f ied  by a variety of exper imenta l  interventions.  For  
example,  K Y N A  produc t ion  in the brain (but not  in per iphera l  tissues) is 
strongly impai red  in situations of compromised  cellular energy metabol ism.  
Similarly, brain K Y N A  levels are modera te ly  reduced  following the adminis- 
t rat ion of the  psychost imulant  D - a m p h e t a m i n e  (Rassoulpour  et al., 1996). 
We have now ex tended  the study of cerebral  K Y N A  regulat ion to immature  
animals and de tec ted  quanti tat ively substantial  differences be tween  perinatal  
and adult  rats. 

Materials and methods  

Animals and chemicals 

Male Sprague-Dawley rats were used for all experiments. All biochemicals were obtained 
from Sigma Chemical Co. (St. Louis, MO). 

Experiments in vivo 

One hour after systemic administration of test compounds or vehicle (phosphate buffered 
saline), postnatal day (PND) 7 and 3 months-old ("adult") rats were killed by decapita- 
tion. Therefore brains and livers were rapidly dissected out and homogenized (1 : 10, w/v) 
in distilled water. After centrifugation (5 min, microfuge), KYNA was measured in the 
supernatant as described below. 

Experiments in vitro 

PND 7 and adult rats were killed by decapitation, and their brain was rapidly removed and 
chilled at 4°C. Cortical tissue slices (base: i mm x i ram) were prepared using a McIlwain 
chopper, and the tissue was kept in a minimal volume of ice cold Krebs-Ringer buffer 
(KRB) (NaCl: 118.5 mM, KCI: 4.75 mM, CaCI2:1.77 mM, MgSO4:1.18 mM, NaHzPO4: 
16.2 mM, glucose: 5 raM) until the initiation of the experiment (< lh) .  KRB was 
oxygenated on ice for 30 min, and the pH adjusted to 7.4 prior to use. 

Tissue slices were placed in incubation wells (routinely 7 slices per well) containing 
ice-cold KRB (1 ml final volume). Assays were performed in triplicate, using three 
separate wells for each experimental condition (Gramsbergen et al., 1997). Test com- 
pounds were dissolved in KRB and were added to the wells in a volume of 100/tl during 
a 10 rain pre-incubation period. The reaction was started by the addition of 2 /,tM 
L-KYN. After incubation for 2 h at 37°C in an oxygenated chamber, the wells were 
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placed on ice, and the medium was rapidly separated from the tissue. 100 yl of I M HC1 
was then added to the medium, and the samples were processed for KYNA measure- 
ment as described below. Parallel incubations were performed at 4°C (blanks). The 
tissue was resuspended in 500 ~ul distilled water and frozen at -20°C for protein 
determination (Lowry et al., 1951). 

K Y N A  measurement  

For the determination of KYNA, brain tissue supernatant or samples of incubation 
medium were diluted (1:1, v/v) with HPLC mobile phase (see below), centrifuged for 
5 min in a microfuge, and 200/11 aliquots of the supernatant were injected directly onto a 
3 ym Cm reverse phase HPLC column (80 x 4.6 mm). KYNA was isocratically eluted using 
a mobile phase containing 0.25 M zinc acetate, 50 mM sodium acetate and 5% acetonitrile 
(pH 6.2) and detected fluorimetrically (Swartz et al., 1990). 

Results  

In the first set of experiments, the effect of D-amphetamine administration 
(5 mg/kg, administered i.p. 1 hour earlier) on tissue KYNA levels was exam- 
ined in PND 7 and adult rats. As illustrated in Fig. 1, the drug caused a > 70% 
reduction in brain KYNA levels in the immature animals but only a 23% 
decrease in young adult rats. The D-amphetamine effect was not observed in 
the liver and, in PND 7 rats, was prevented by co-administration of the D1 
receptor antagonist SCH 23390 (0.5 mg/kg, i.p.) or the D2 receptor antagonist 
raclopride (2 mg/kg, i.p.) (data not shown). 
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Fig. 1. Effects of D-amphetamine (5 mg/kg, given i.p. ] hour before sacrifice) on forebrain 
KYNA levels in PND 7 and adult rats. Data (mean + SEM, N = 6 per group) are 
expressed as a percentage of the respective control values (PND 7:84 _+ 6; adult: 195 + 
9 fmol KYNA/mg protein). * p < 0.05, ** p < 0.01 vs. control (repeated measures A N O V A  

with Bonferroni  multiple comparisons test) 



246 R. Schwarcz et al. 

Follow-up studies were  designed to explore if the effect of D-amphetamine  
on brain K Y N A  concentrations could be duplicated by selective agonists of 
D1 and D2 receptors. Both the D1 receptor  agonist SKF 38393 (5 mg/kg, i.p.) 
and the D2 receptor  agonist quinpirole (2 mg/kg, i.p.), again given 1 hour 
before sacrifice, caused substantial decreases in brain K Y N A  levels - albeit 
only in PND 7 rats. Notably, efforts to reduce K Y N A  levels further by 
administering a combination of SKF 38393 and quinpirole failed both in 
immature  and adult rats (Fig. 2). 

In a separate study, the effects of glucose deprivation and the possible 
compensatory role of alternative energy substrates on K Y N A  formation were 
explored in vitro. Comparison of cortical tissue slices from PND 7 and adult 
rats revealed significant differences. Thus, omission of glucose from the 
incubation medium was far less consequential  in the immature  tissue, merely 
causing a t rend towards a reduction in de novo  K Y N A  formation during the 
2 hour  incubation period. In contrast, the same t rea tment  resulted in a 67% 
decrease in K Y N A  synthesis in slices from adult rats (Table 1). In such slices, 
pyruvate and, to a far lesser extent, lactate, acetoacetate and D (-)-3-hydroxy- 
butyrate reversed the effect of glucose deprivation. Pyruvate also substantially 
increased K Y N A  formation in aglycemic tissue slices from PND 7 rats. Under  
identical conditions, lactate had only a modera te  stimulatory effect, and 
addition of acetoacetate or D (-)-3-hydroxybutyrate did not influence K Y N A  
synthesis (Table 1). 
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Fig. 2. Effects of the dopamine agonists SKF 38393 (5 mg/kg), quinpirole (2 mg/kg), and 
a combination of the two drugs, on forebrain KYNA levels in PND 7 and adult rats. Drugs 
were administered i.p. 1 hour before sacrifice. Data (mean + SEM; N = 6 per group) are 
expressed as a percentage of control values (PND 7 : 92 + 5; adult: 202 + 11 fmol KYNA/ 
mg protein). * p < 0.05 vs. control (repeated measures ANOVA with Bonferroni multiple 

comparisons test) 
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Table 1. Effect of glucose deprivation and alternative energy substrates on the de n o v o  

formation of KYNA in cortical tissue slices 

PND 7 Adult 

Control medium (KRB) 100.0 _+ 7.6 
Glucose-free 83.2 + 4.1 
Glucose-free + pyruvate (5 raM) 191.7 _+ 10.3 a,b 
Glucose-free + lactate (10 mM) 109.9 _+ 6.6 b 
Glocose-free + acetoacetate (5 mM) 91.4 _+ 3.3 
Glucose + D (-)-3-hydroxybutyrate (5 mM) 86.6 + 8.8 

100.0 + 8.8 
33.2 + 2.0 a 

128.0 + 11.2 b 
58.0 + 6.4 a,b 
61.0 + 7.5 a,b 
51.2 _+ 0.4 a'b 

Data are expressed as a percentage of KRB controls and are the mean + SEM of 3 
separate experiments per age group. Under control conditions, 1.3 + 0.1 and 3.3 + 0.4 pmol 
KYNA/h/mg protein were produced in tissue slices from PND 7 and adult rats, respective- 
ly. ap < 0.05 vs. KRB controls; bp < 0.05 vs. glucose-free medium (repeated measures 
ANOVA with Student-Newman-Keuls multiple comparisons test). 

D i s c u s s i o n  

These experiments demonstra te  a pronounced  age-dependence of two of the 
mechanisms which control K Y N A  formation in the rat brain. Both cerebral 
energy metabolism and D1 and D2 receptors have distinct ontogenetic  charac- 
teristics (Nehlig, 1997; Zouakia  et al., 1997), which probably account for the 
age-related differences reported here. For example, functional interactions 
between dopaminergic activation and KYNA-produc ing  astrocytes may pref- 
erentially facilitate the efflux of K Y N A  in young animals. The ability of D- 
amphetamine  to reduce K Y N A  formation substantially in PND 7 animals also 
appears to be media ted  by the same mechanism since both D1 and D2 
receptor  antagonists prevented the drug effect. 

The dependence  of the brain on glucose increases gradually during ontog- 
eny (Nehlig, 1997). In a recent  study (Hodgkins and Schwarcz, unpublished 
data), we obtained evidence that the brain-specific effect of glucose depriva- 
tion on K Y N A  formation in adult rats can be a t tenuated both by providing 
alternate cellular fuels (such as lactate or pyruvate) and by co-substrates of L- 
KYN transamination (such as pyruvate) (el. Gramsbergen et al., 1997). The 
present data indicate that in the immature  brain cellular energy metabolism is 
a far less important  determinant  of K Y N A  production,  whereas co-substrate 
regulation is fully functional. Thus, acetoacetate,  D (-)-3-hydroxybutyrate and 
lactate, all efficient energy substrates in the developing brain (Booth et al., 
1980; E d m o n d  et al., 1987; Medina  et al., 1997; Nehlig, 1997), were  marginally 
effective, while pyruvate more  than doubled K Y N A  formation in the absence 
of glucose. 

The functional significance of the age-dependent  mechanisms described 
here needs to be elaborated in future studies. N M D A  receptors show distinct 
developmental  patterns (Monyer  et al., 1994) and have been suggested to play 
a central role in developmental  brain disorders and in perinatal  hypoxic- 
ischemic complications (McDonald  et al., 1987; Ikonomidou  et al., 1989). 
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M o r e o v e r ,  dopamine rg ic  mechan i sms  have b e e n  d e m o n s t r a t e d  to inf luence 
exci to toxic  vulnerabi l i ty  by  in terac t ion  with E A A  neuro t ransmiss ion  (Gar-  
side et al., 1996). It remains  to be  seen  if f luctuat ions  in the  bra in  levels of  the  
E A A  recep to r  antagonis t  K Y N A ,  e f fec ted  by  the  mechan i sms  desc r ibed  here  
and e l sewhere  ( G r a m s b e r g e n  et al., 1997), par t ic ipa te  in the  funct ion  and/or  
dysfunc t ion  of  the  immatu re  brain. 
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