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Abstract
Several lines of evidence support the hypothesis that abnor-
mally elevated brain levels of kynurenic acid (KYNA), a me-
tabolite of the kynurenine pathway (KP) of tryptophan deg-
radation, play a pathophysiologically significant role in 
schizophrenia and other major neurodevelopmental disor-
ders. Studies in experimental animal models suggest that KP 
impairments in these diseases may originate already in utero 
since prenatal administration of KYNA’s bioprecursor, kyn-
urenine, leads to biochemical and structural abnormalities 
as well as distinct cognitive impairments in adulthood. As KP 
metabolism during pregnancy is still insufficiently under-
stood, we designed this study to examine the de novo syn-
thesis of KYNA and 3-hydroxykynurenine (3-HK), an alterna-
tive biologically active product of kynurenine degradation, 
in tissue slices obtained from pregnant mice on gestational 
day (GD) 18. Fetal brain and liver, placenta, and maternal 
brain and liver were collected, and the tissues were incubat-
ed in vitro in the absence or presence of micromolar concen-
trations of kynurenine. KYNA and 3-HK were measured in the 

extracellular milieu. Basal and newly produced KYNA was de-
tected in all cases. As KYNA formation exceeded 3-HK pro-
duction by 2–3 orders of magnitude in the placenta and ma-
ternal brain, and as very little 3-HK neosynthesis was detect-
able in fetal brain tissue, detailed follow-up experiments 
focused on KYNA only. The fetal brain produced 3–4 times 
more KYNA than the maternal brain and placenta, though 
less than the maternal and fetal liver. No significant differ-
ences were observed when using tissues obtained on GD 14 
and GD 18. Pharmacological inhibition of KYNA’s main bio-
synthetic enzymes, kynurenine aminotransferase (KAT) I and 
KAT II, revealed qualitative and quantitative differences be-
tween the tissues, with a preferential role of KAT I in the fetal 
and maternal brain and of KAT II in the fetal and maternal 
liver. Findings using tissue slices from KAT II knockout mice 
confirmed these conclusions. Together, these results clarify 
the dynamics of KP metabolism during pregnancy and pro-
vide the basis for the conceptualization of interventions 
aimed at manipulating cerebral KP function in the prenatal 
period. © 2019 S. Karger AG, Basel

Francesca M. Notarangelo and Sarah Beggiato contributed equally 
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Introduction

The kynurenine pathway (KP) is the main catabolic 
route of the essential amino acid tryptophan in mammals. 
Kynurenine, the first stable KP metabolite (Fig. 1), gener-
ates several neuroactive metabolites downstream [1, 2]. 
One of these compounds, kynurenic acid (KYNA), which 
is produced primarily by irreversible enzymatic transam-
ination of kynurenine [3, 4], is an endogenous inhibitor 
of α7 nicotinic acetylcholine (α7nACh) and N-methyl-D-
aspartate (NMDA) receptors, and also affects other spe-
cific targets [5, 6]. In humans, rats, and mice, four kyn-
urenine aminotransferases (KAT I–IV) are able to cata-
lyze the formation of KYNA, with KAT I and especially 
KAT II considered to be most relevant for rapid synthesis 
in the brain and liver of adult rats and humans [4, 7]. No-
tably, no mechanisms for KYNA degradation appear to 
exist in mammals [1], and newly synthesized KYNA is 
promptly liberated into the extracellular milieu [8–10]. In 
a separate branch of the KP, kynurenine is first degraded 
to the free radical generator, 3-hydroxykynurenine (3-
HK), by kynurenine 3-monooxygenase (KMO), and then 
further to a series of biologically active metabolites, even-
tually leading to the formation of the abundant cofactor 
NAD+ [1, 2]. Kynurenine therefore occupies a pivotal po-
sition in the KP, making the ratio between newly pro-
duced KYNA and 3-HK an informative marker of the 
function of the entire metabolic cascade. 

Malfunction of the KP has been plausibly linked to the 
pathophysiology of several diseases, including a number 
of psychiatric and neurological disorders [1, 2, 11–15]. 
Studied most extensively in this regard, elevated KYNA 
levels (but not 3-HK levels) have been found in the post-
mortem brain and cerebrospinal fluid of individuals with 
schizophrenia, a major brain disease that originates early 
in life [16–20]. In experimental animals, increased brain 
KYNA concentrations cause several cognitive impair-
ments, which are remarkably similar to those seen in peo-
ple with schizophrenia [1, 21–25]. Notably, and in line 
with the neurodevelopmental etiology of the disease, pro-
longed administration of kynurenine to pregnant rats re-
sults in elevated brain KYNA (but not 3-HK) levels, as well 
as distinct cognitive abnormalities, in adult offspring [26]. 

Interestingly, the mammalian brain normally contains 
several-fold higher concentrations of kynurenine, KYNA, 
and 3-HK during the fetal period than at any postnatal 
stage [27–31]. As the cerebral levels of all three of these 
KP metabolites decrease precipitously immediately after 
birth [28, 31], it is tempting to surmise that they normal-
ly serve distinct roles in prenatal brain development. This 

assumption is indirectly supported by evidence that an 
impairment of KP metabolism during the prenatal period 
has adverse consequences [26, 32–38], but has not been 
sufficiently evaluated so far.

In contrast to maternally derived kynurenine and 
3-HK, maternal KYNA is not able to cross the placenta 
[39]. As the administration of tryptophan or kynurenine 
to pregnant dams readily raises KYNA levels in the fetal 
brain [26, 32, 39, 40], and as the placenta plays only a mi-
nor role in this process [39], fetal KYNA must be synthe-
sized locally. The present study was designed to provide 
further insights by elaborating the characteristics of the 
prenatal conversion of kynurenine to KYNA and 3-HK, 
respectively, ex vivo. To this end, we collected the mater-
nal brain and liver, placenta, and fetal brain and liver 
from pregnant mice on gestational day (GD) 18, and in 
some cases on GD 14. Slices from the various tissues were 
then incubated in vitro in the absence or presence of kyn-
urenine, and basal levels and neosynthesis of KYNA and 
3-HK were assessed in the extracellular milieu. By eluci-
dating the features of two critical KP branches during 
pregnancy, our experimental results provided valuable 
new insights into the dynamics and, by implication, the 
function of prenatal KP metabolism.

Materials and Methods

Chemicals
KYNA, ascorbic acid, aminooxyacetic acid (AOAA), and glu-

tamine were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). L-kynurenine sulfate (“kynurenine”; purity: 99.4%) was 

Kynurenine

3-Hydroxykynurenine
(3-HK)

Kynurenine Acid
(KYNA)

KATs

KMO

Fig. 1. Simplified illustration of the branching point of the kyn-
urenine pathway of tryptophan degradation. KATs, kynurenine 
aminotransferases; KMO, kynurenine 3-monooxygenase.
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obtained from Sai Advantium (Hyderabad, India). The selective 
KAT II inhibitor BFF-122 [(S)-(-)-9-(4-aminopiperazine-1-yl)-
8-fluoro-3-methyl-6-oxo-2, 3, 5, 6-tetrahydro-4H-1-oxa-3a-aza-
phenalene-5-carboxylic acid] was kindly provided by Dr. Y. Kajii 
(Mitsubishi-Tanabe Pharma Corp., Yokohama, Japan). The KMO 
inhibitor Ro 61-8048 was a generous gift from Dr. W. Fröstl (No-
vartis, Basel, Switzerland). All other chemicals were obtained 
from various commercial suppliers and were of the highest avail-
able purity.

Animals
Wild-type (WT) FVB/N mice (8–9 weeks) were purchased 

from Jackson Laboratories (Bar Harbor, ME, USA). KAT II knock-
out (KO) FVB/N mice were generated as previously described [41]. 
Male and female mice were mated in-house for up to 48 h, and the 
presence of a copulation plug was confirmed on GD 1 or GD 2. The 
male was then removed, and the female was left undisturbed until 
the day of the experiment. 

Animals were maintained on a 12 h/12 h light/dark cycle in a 
temperature-controlled room in the animal facility of the Mary-
land Psychiatric Research Center. Access to food and water was 
provided ad libitum. 

Tissue Preparation and Incubation
On the day of the experiment, pregnant mice (n = 3–6 per 

group) were euthanized with CO2, and the maternal and fetal 
brains and livers as well as the placenta were rapidly removed and 
placed in oxygenated Krebs-Ringer buffer (117.6 mM NaCl, 4.6 
mM KCl, 2.4 mM CaCl2, 2.4 mM MgSO4, 3.1 mM NaH2PO4, 26.2 
mM NaHCO3, 11.1 mM glucose, pH 7.4). Ascorbic acid (500 µM) 
was added to the buffer to avoid non-enzymatic oxidation of kyn-
urenine and its metabolites. 

Tissue slices (0.4 mm thick) were prepared from the maternal 
forebrain, the entire placenta, the whole fetal brain, one lobe of the 
maternal liver and the whole fetal liver, using a McIIwain chopper 
(Mickle Laboratory Engineering, Gomshall, UK). The tissues were 
immediately immersed in Krebs-Ringer buffer for 20 min, and one 
slice each from maternal brain, liver, or placenta was placed into a 
well containing 200 µL of buffer, using a multiwell culture plate. 
Fetal brain and liver slices were directly taken from the oxygenated 
buffer with a pipette and transferred into the wells (final volume: 
200 µL) [42]. Twenty µL of buffer or of a solution containing kyn-
urenine (final concentration: 10 or 100 µM) were added, and the 
tissues were incubated for 1 h at 37  ° C in a shaking water bath. 
Separate wells were incubated with kynurenine in the absence of 
tissue. The culture plate was then placed on ice, and the reaction 
was terminated by adding 25 µL of 2 N HCl and 25 µL of 25% per-
chloric acid to each well. The medium was rapidly removed and 
centrifuged (6,000 g, 5 min), and the supernatant was subjected to 
HPLC analysis for KYNA or 3-HK measurement (see below). Tis-
sue slices were homogenized in 200 µL of ultrapure water and fro-
zen at –80  ° C for protein determination. All assays were performed 
in duplicate or triplicate. De novo KYNA or 3-HK production was 
determined by subtracting both endogenous levels (incubation of 
tissue in the absence of kynurenine) and levels measured following 
incubation of kynurenine alone (no tissue). 

The effect of KAT inhibition was determined using the non-
specific aminotransferase inhibitor AOAA (1 mM), the KAT I in-
hibitor glutamine (1 mM), or the specific KAT II inhibitor BFF-122 
(1 mM) (all final concentrations). These compounds were added 

(20 µL) to the incubation mixture together with kynurenine (10 
µM). Controls were obtained by incubating the compounds with-
out tissue.

KYNA Analysis
For KYNA determination, 20 µL of the supernatant were ap-

plied to a 3-μm C18 reverse-phase HPLC column (100 × 4 mm; Dr. 
Maisch GmbH, Ammerbuch, Germany), using a mobile phase 
containing 50 mM sodium acetate and 3% acetonitrile (pH adjust-
ed to 6.2 with glacial acetic acid) at a flow rate of 0.5 mL/min. Zinc 
acetate (0.5 M, not pH-adjusted) was delivered post-column by a 
peristaltic pump (Dionex AXP, Thermo Fisher, Waltham, MA, 
USA) at a flow rate of 0.1 mL/min. In the eluate, KYNA was de-
tected fluorimetrically (excitation: 344 nm, emission: 398 nm; 
S200a fluorescence detector; Perkin Elmer, Waltham, MA, USA). 
The retention time of KYNA was approximately 14 min.

3-HK Analysis
For 3-HK determination, 20 µL of the supernatant were applied 

to a 3-μm C18 reverse-phase HPLC column (HR-80; 80 × 4.6 mm; 
Thermo Fisher). The mobile phase consisted of 1.5% acetonitrile, 
0.9% trimethylamine, 0.59% phosphoric acid, 0.27 mM EDTA, and 
8.9 mM sodium heptane sulfonic acid. 3-HK was eluted at a flow 
rate of 0.5 mL/min and detected electrochemically using an HTEC 
500 detector (Eicom, San Diego, CA, USA; oxidation potential: + 
0.5 V). The retention time of 3-HK was approximately 11 min. 

KMO Enzyme Activity
To determine KMO activity, the fetal (1: 5, w/v) and maternal 

(1: 25, w/v) brains were homogenized in 100 mM Tris-HCl buffer 
(pH 8.1) containing 10 mM KCl and 1 mM EDTA. Eighty µL of the 
preparation were then incubated for 40 min at 37  ° C in a solution 
containing 1 mM NADPH, 3 mM glucose-6-phosphate, 1 U/mL 
glucose-6 phosphate dehydrogenase, 100 µM L-kynurenine, 10 mM 
KCl, and 1 mM EDTA in a total volume of 200 µL. The reaction 
was stopped by the addition of 50 µL of 6% perchloric acid. Blanks 
were obtained by adding the KMO inhibitor Ro 61-8048 (100 µM) 
to the incubation solution. After centrifugation (16,000 g, 15 min), 
20 µL of the resulting supernatant were subjected to HPLC analy-
sis to measure 3-HK, as described above.

Protein Measurement
Protein was measured according to the method of Lowry et al. 

[43] using bovine serum albumin as a standard.

Statistical Analysis
All data are expressed as the mean ± SEM. Student’s t test, one-

way or two-way ANOVA, followed by Bonferroni’s post hoc test 
were used to determine significance in all experiments. A p value 
< 0.05 was considered significant.

Results

Basal Levels and de novo Production of 3-HK and 
KYNA: Maternal Brain, Placenta, and Fetal Brain
We first compared the status of 3-HK and KYNA in the 

maternal brain, placenta, and fetal brain of WT mice at 
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GD 18 under physiological conditions. Both metabolites 
were detected in the media of all 3 tissues following the 1-h 
incubation (Table 1). Under these basal conditions, 3-HK 
levels were several-fold higher in the medium obtained 
from the fetal brain than from either the maternal brain 
or the placenta (each p < 0.001, two-way ANOVA fol-
lowed by Bonferroni’s post hoc test). Measured in the 
same samples as 3-HK, extracellular KYNA concentra-
tions recovered from placental and fetal brain slices were 
much higher than those recovered from maternal brain 
tissue (p < 0.001 and p < 0.01, respectively; two-way ANO-
VA followed by Bonferroni’s post hoc test). Notably, un-
der these basal conditions, fetal brain slices released more 
3-HK than KYNA (p < 0.001, two-way ANOVA followed 
by Bonferroni’s post-hoc test), whereas the placenta re-
leased more KYNA than 3-HK (p < 0.05, two-way ANO-
VA followed by Bonferroni’s post hoc test). Medium ob-
tained after the incubation of maternal brain slices showed 
no preference for either metabolite (Table 1). 

In all three tissues, de novo production of KYNA from 
kynurenine exceeded the neosynthesis of 3-HK (Table 1). 
Specifically, incubation with 10 and 100 µM of the com-
mon bioprecursor kynurenine increased KYNA levels 
linearly, whereas 3-HK formation was very limited. In 
fact, only small increases in extracellular 3-HK levels were 
seen, even after the tissues were exposed to 100 µM of kyn-
urenine. Notably, incubation with kynurenine caused fe-
tal brain slices to release several times more KYNA than 
the two other tissues (each p < 0.001, two-way ANOVA 
followed by Bonferroni’s post hoc test). There were no 
clear differences in the minor de novo production of 
3-HK between the tissues tested. 

Separately, we determined the activity of KMO, which 
catalyzes 3-HK formation from kynurenine (Fig.  1), in 
tissue homogenates. This experiment revealed a signifi-
cantly lower enzyme activity in the fetal brain (0.20 ± 0.05 
pmol 3-HK/h/mg tissue; n = 3) than in the maternal brain 
(2.59 ± 0.53 pmol 3-HK/h/mg tissue; n = 3; p < 0.01, Stu-
dent’s t test), supporting the conclusion that the fetal 
brain has only a limited capacity to produce 3-HK from 
its direct bioprecursor. 

In view of these findings, subsequent experiments fo-
cused exclusively on the neosynthesis of KYNA. To ap-
proximate physiological conditions in fetal tissues [28, 
44], 10 µM of kynurenine was routinely used to drive 
KYNA production in all following studies. 

Basal Levels and de novo Production of KYNA: Fetal 
and Maternal Liver
Next, we determined extracellular KYNA following 

the incubation of tissue slices from fetal and maternal liv-
er (Table 2). Less KYNA was detected in the media ob-
tained from fetal than from maternal tissue (p < 0.01, Stu-
dent’s t test). Still, the basal extracellular KYNA levels re-
covered from the fetal liver were substantially higher than 
those measured after the incubation of placental or fetal 
brain slices (each p < 0.001, one-way ANOVA followed 
by Bonferroni’s post hoc test) (Table 1). 

Incubation of fetal and maternal liver slices with 10 µM 
of kynurenine significantly raised extracellular KYNA 
levels in both cases (each p < 0.01 vs. basal levels, Student’s 
t test), and the effect was greater in the maternal tissue 
(p < 0.05, Student’s t test). However, as observed for bas-
al values, even KYNA neosynthesis in the fetal liver great-

Table 1. Basal level and de novo production of extracellular 3-HK and KYNA in maternal brain, placenta, and 
fetal brain

Basal level De novo production

10 µM kynurenine 100 µM kynurenine

Maternal brain 3-HK (pmol/h/mg protein) 0.21±0.03 0 0.18±0.12
KYNA (pmol/h/mg protein) 0.13±0.06 2.67±0.56 22.50±4.58

Placenta 3-HK (pmol/h/mg protein) 0.33±0.11 0 0.63±0.20
KYNA (pmol/h/mg protein) 1.12±0.23 1.23±0.44 20.44±4.06

Fetal brain 3-HK (pmol/h/mg protein) 1.97±0.27 0 0.04±0.29
KYNA (pmol/h/mg protein) 0.93±0.09 7.34±1.23 88.78±14.42

Basal extracellular level and de novo production of 3-HK and KYNA in tissue slices obtained from GD 18 WT 
mice. Neosynthesis was assessed by incubation in the presence of 10 or 100 µM kynurenine and was calculated 
by subtracting basal level. Data are the mean ± SEM (n = 2–6). See the text for experimental details and statistical 
analyses.
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ly exceeded de novo production in the placenta and fetal 
brain (each p < 0.001, one-way ANOVA followed by Bon-
ferroni’s post hoc test).

Pharmacological Inhibition of KYNA Synthesis
To investigate the role of KAT enzymes in KYNA neo-

synthesis, we tested the effects of the non-specific amino-
transferase inhibitor AOAA, glutamine (which inhibits 
KAT I), and the specific KAT II inhibitor BFF-122 [7, 45, 
46]. 

The pharmacological tools used revealed qualitative 
differences between the tissues analyzed (Fig. 2). Thus, 
whereas incubation in the presence of AOAA almost 
completely prevented the de novo production of KYNA 

Table 2. Basal level and de novo production of extracellular KYNA 
in fetal and maternal liver

Fetal liver Maternal 
liver

Basal level, pmol/h/mg protein 3.5±0.4 9.7±1.1
De novo production, pmol/h/mg protein 40.0±7.3 91.3±19.1

Basal extracellular level and de novo production of KYNA after 
incubation of tissue slices from fetal and maternal liver of GD 18 
WT mice with 10 µM kynurenine. De novo production indicates 
values obtained after the subtraction of basal level. Data are the 
mean ± SEM (n = 4). See the text for experimental details and 
statistical analyses.
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Fig. 2. Effects of KAT inhibition on the neosynthesis of KYNA in 
slices from maternal brain (a), placenta (b), fetal brain (c), mater-
nal liver (d), and fetal liver (e), obtained from wild-type (WT) mice 
on gestational day (GD) 18 (absolute values, Tables 1, 2). Tissues 
were incubated in the presence of 10 µM kynurenine for 1 h at 

37  ° C, and experiments were performed as described in the text. 
AOAA, general KAT inhibitor; glutamine, KAT I inhibitor; BFF-
122, selective KAT II inhibitor. Final concentration of all three 
agents: 1 mM. Data are the mean ± SEM (n = 4–5).
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in all tissues tested, KYNA synthesis in the maternal and 
fetal brain was preferentially reduced by KAT I inhibition 
(75 and 57%, respectively; Fig. 2a, c). In contrast, KYNA 
formation in the maternal and fetal liver was mainly KAT 
II-dependent, as indicated by 80 and 75% inhibition, re-
spectively, in the presence of BFF-122 (Fig. 2d, e). The 
placenta showed a mixed profile, with glutamine causing 
45% inhibition of KYNA synthesis and BFF-122 causing 
39% inhibition (Fig. 2b). 

Studies Using Tissues from KAT II KO Mice 
Using standard experimental conditions, we next ex-

amined KYNA formation in the absence or presence of 
10 µM of kynurenine in tissue slices prepared from KAT 
II KO mice.

Following incubation of KO tissues under basal condi-
tions, KYNA was always readily detectable in the extra-
cellular milieu, albeit mostly at lower levels than in the 
corresponding samples from the WT mice (Fig. 3a). Spe-
cifically, slices prepared from KO mice produced 2-fold 
(placenta and fetal brain) to 4-fold (fetal and maternal 
liver) less KYNA than the corresponding tissues from 
WT animals (Tables 1, 2). However, there was no differ-
ence between the amount of KYNA released from mater-
nal brain slices from WT and KAT II KO mice. 

Incubation with kynurenine increased KYNA synthe-
sis in fetal and maternal brains (each p < 0.05, Student’s t 
test) and livers (p < 0.001. Student’s t test) of KAT II KO 

mice, but had only a small, non-significant effect in the 
placenta. Overall, de novo KYNA production in all tissues 
was lower than in the corresponding tissues from WT 
mice (Fig.  3b; Tables 1, 2), with the greatest reduction 
seen in fetal and maternal liver. The genotype difference 
reached statistical significance in the fetal (p < 0.01, Stu-
dent’s t test) and maternal (p < 0.05, Student’s t test) liver 
as well as in the fetal brain (p < 0.05, Student’s t test).

Taken together with the pharmacological data, these 
results demonstrate that, in mice, KAT II is of relatively 
little relevance in the maternal brain and only partially 
contributes to KYNA formation in the placenta and fetal 
brain but plays a major role in KYNA synthesis in the fe-
tal and maternal liver.

Basal Levels and de novo Production of KYNA at GD 
14 
Finally, beginning to consider possible age-related dif-

ferences during prenatal development, we conducted a 
pilot study examining KYNA production in WT mice at 
an earlier stage of gestation (GD 14). As in the preceding 
experiments, tissues were incubated for 1 h, alone or in 
the presence of 10 µM of kynurenine, and KYNA was 
measured in the extracellular milieu. Basal KYNA levels, 
expressed in pmol/mg protein, were 0.06 ± 0.03 (maternal 
brain), 0.58 ± 0.08 (placenta), 0.83 ± 0.15 (fetal brain), 
2.91 ± 0.38 (fetal liver) and 8.54 ± 1.72 (maternal liver) 
(n = 3 for each tissue). Statistical analyses did not reveal 
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Fig. 3. Basal extracellular levels (a) and de novo KYNA production 
from kynurenine (10 µM; b), determined in the extracellular milieu 
of tissue slices from maternal brain, placenta, fetal brain, maternal 
liver, and fetal liver of KAT II knockout (KO) mice (on GD 17/18) 
following incubation for 1 h at 37  ° C. Data are expressed as % of 

the levels in WT mice (absolute values, Tables 1, 2). Experiments 
were performed as described in the text. De novo production was 
calculated by subtracting basal levels. Data are the mean ± SEM 
(n = 3–5). See the text for statistical analyses.
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any differences between GD 14 and GD 18 in basal or 
newly formed KYNA in any of the tissues examined (p > 
0.05, Student’s t test).

Discussion

This study demonstrated that maternal, fetal, and pla-
cental tissues, all dissected from pregnant mice on GD 18, 
are capable of metabolizing kynurenine under physiolog-
ical conditions in vitro. More specifically, our results re-
vealed that the fetal brain, the major tissue of interest in 
our experiments, readily produces KYNA from kynuren-
ine but is far less efficient in converting kynurenine to 
3-HK. Most of our analyses therefore focused on KYNA 
formation. Using pharmacological and genetic approach-
es, we found significant differences between the process-
es that account for the de novo synthesis of KYNA in the 
various tissues. As kynurenine is the major catabolic 
product of the essential amino acid tryptophan, and as 
excessive prenatal exposure to kynurenine has adverse 
consequences later in life [26, 32–35, 37], we will discuss 
the implications of these results from both physiological 
and pathophysiological perspectives.

One of the major insights gained from the study was 
that the dynamics of KP metabolism on GD 18 differ 
both qualitatively and quantitatively, and in both the ab-
sence and the presence of kynurenine, between various 
tissues. Thus, slices from the fetal brain liberated sub-
stantially more 3-HK than tissue from the placenta and 
the maternal brain into the extracellular milieu under 
basal conditions (defined here as a 1-h incubation in reg-
ular Krebs-Ringer buffer) but produced almost no 3-HK 
de novo when kynurenine was added to the incubation 
mixture. As the content of 3-HK in the mammalian 
brain is several-fold higher prenatally than postnatally 
[28, 30], and as we detected only very little KMO activ-
ity in tissue homogenate prepared from the fetal brain, 
these findings indicate that the rapid accumulation of 
3-HK in the fetal brain seen following the administration 
of kynurenine to the dam in vivo [39, 47] is very likely 
not due to local synthesis but a consequence of increased 
influx of the metabolite from the dam. This interpreta-
tion is in line with the fact that the large neutral amino 
acid transporter LAT-1, which readily recognizes both 
kynurenine and 3-HK [48], is highly enriched in the pla-
centa [49]. The placenta is therefore able to accumulate, 
and then transmit to the fetus, maternally derived 3-HK. 
Notably, however, and especially under inflammatory 
conditions that can activate KMO [1], 3-HK may also 

enter the fetus after it is formed in the placenta itself 
[50–54].

Parallel analyses of KYNA produced very different re-
sults. Under basal conditions, similar amounts of extra-
cellular KYNA were recovered after incubating slices 
from the fetal brain and placenta, in both cases several 
times more than from maternal brain slices. However, 
placental slices were substantially less effective than fetal 
brain slices in producing KYNA from kynurenine de 
novo. Previous ex vivo work in mice [39], as well as stud-
ies using human placental extract [52], demonstrated that 
perfusion with kynurenine and tryptophan, respectively, 
has only a limited effect on KYNA formation within the 
placenta. Moreover, in vivo experiments revealed that ap-
proximately 40% of KYNA that appeared to derive from 
the placenta in fact originated from residual maternal 
blood [39].

Taken together, these results indicate that KYNA syn-
thesis within the placenta is not likely to play a defining 
role in regulating KYNA levels in the fetus. Notably, acute 
KYNA neosynthesis in the fetal brain also exceeded 
KYNA formation and release from maternal brain tissue 
slices 3- to 5-fold. Although the fetal liver, which was 
found here to have an even greater ability to form KYNA 
from kynurenine, may well contribute to the exception-
ally high KYNA levels which are seen in the fetal brain in 
several mammalian species [27–31, 44], these findings 
support the notion that local biochemical events are 
largely responsible for determining the fate, and therefore 
the possible function, of KYNA in the fetal brain. Nota-
bly, as the blood-brain barrier, which is largely imperme-
able to KYNA in adulthood [48], is also functional during 
the prenatal period [55], even relatively large increases in 
maternal KYNA are unlikely to reach the fetal brain to a 
significant extent [39]. 

Considering the possible functional role of KYNA in 
the prenatal period, and the fact that a variety of stimuli 
and environmental insults affect KP metabolism in fetal 
tissues in vivo [44, 56–60], KYNA synthesis from kyn-
urenine was studied in greater detail. In an initial ap-
proach, we examined the respective roles of the two best-
understood KATs, i.e., KAT I and KAT II, by pharmaco-
logical means, using AOAA, a non-specific inhibitor of 
pyridoxal-5-phosphate-dependent enzymes (including 
all KATs), glutamine (which inhibits KAT I), and the spe-
cific KAT II inhibitor BFF-122 as tools [7, 45, 46]. In 
agreement with reports that KAT II activity is very low in 
the immature rat brain [28] and plays only a minor role 
in the adult mouse brain [7, 10], these experiments re-
vealed a major role of KAT I in both fetal and maternal 
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brain tissue. Assessment of KYNA formation in the pla-
centa, in contrast, did not show a clear difference between 
KAT I and KAT II, even though only the presence of KAT 
I has been documented in the placenta previously [52, 
61]. As anticipated [7, 41], KYNA neosynthesis in both 
the maternal and fetal liver was found to be almost exclu-
sively catalyzed by KAT II. 

Studies with tissues from KAT II KO mice were per-
formed to complement these preliminary pharmacologi-
cal studies using a genetic approach. In these experiments, 
we compared both basal release (i.e., the results of incuba-
tion in the absence of kynurenine) with the de novo for-
mation of KYNA from kynurenine using tissues from WT 
and mutant mice. Generally, these studies confirmed that 
KYNA synthesis in both maternal and fetal liver is largely 
catalyzed by KAT II, whereas both basal and stimulated 
KYNA release in slices from the maternal brain, fetal 
brain, and placenta is less, or, in the case of basal release 
from the maternal brain, is not KAT II-dependent. 

Together, these findings indicate that the molecular 
and cellular mechanism(s) that account for KYNA for-
mation during the prenatal period are remarkably com-
plex. Notably, postnatally, the generation of KYNA is in-
fluenced by several factors, as KYNA production is stim-
ulated by co-substrates of KAT such as pyruvate or 
2-oxoglutarate [62], and inhibited under hypoglycemic 
conditions and by amino acids that compete with kyn-
urenine as substrates [63, 64]. However, these regulatory 
mechanisms have not been examined during gestation. 
Ongoing studies in our laboratory are also designed to 
test possible additional contributions of the two KATs 
that were not examined here (KAT III and KAT IV [4, 7]), 
and to take into account that KYNA production from 
kynurenine can also occur non-enzymatically, i.e., by ox-
idative mechanisms [65]. Moreover, while our study has 
not indicated significant differences in KYNA formation 
between tissues collected on GD 14 and GD 18, we are 
expanding the age range to conduct a comprehensive as-
sessment of KYNA formation during gestation (starting 
at GD 10) and at several postnatal stages. In these studies, 
special emphasis will be placed on the developmental pat-
tern of mechanisms that regulate KYNA synthesis and 
function [62–64] and age-related differences in the me-
tabolite’s putative receptor targets [5, 6], under both 
physiological and pathological conditions. 

 KYNA-producing cells in the prenatal brain deserve 
particular attention. Although neurons are capable of 
synthesizing KYNA [66–69], there is consensus that non-
neuronal cells, specifically astrocytes, are largely respon-
sible for the de novo formation of KYNA in the mamma-

lian brain in adulthood (review [21]). In the developing 
rodent brain, astrocytes are first detected at GD 16 [70] 
and continue their maturation in the first postnatal weeks 
[71]. Perinatally, brain KYNA is therefore probably pro-
duced by, and released from, glial progenitor cells and 
possibly other cell types. Notably, as shown in vitro using 
human cortical slices obtained at mid-gestation, nano-
molar concentrations of KYNA, in turn, affect progenitor 
cell proliferation, differentiation, and survival [72], and 
may thus participate actively in cortical circuit formation 
during brain development [73].

As increased brain KYNA in the fetus and/or in the ear-
ly postnatal period causes functional and behavioral abnor-
malities in adulthood [23, 26, 32–35, 37], our findings also 
have translational implications and relevance for schizo-
phrenia and other brain disorders whose etiology can be 
traced to events early in life (see Introduction), despite po-
tential differences between mouse and human pregnancy 
[74]. Thus, clarification of both the enzymatic and non-
enzymatic mechanisms that underlie perinatal KYNA for-
mation in different tissues may lead to the conceptualiza-
tion of fundamentally novel therapeutic interventions. 
Timely pharmacological treatments designed to mitigate 
deviant brain KYNA function perinatally may then be tar-
geted to prevent or attenuate the detrimental effects of ab-
normal KP-related genes [47, 75] and/or early pathogenic 
insults that affect KP metabolism [44, 52, 56–60].
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