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Abstract

Xanthurenic acid (XA), formed from 3-hydroxykynurenine (3-HK) in the kynurenine pathway of 

tryptophan degradation, may modulate glutamatergic neurotransmission by inhibiting the vesicular 

glutamate transporter and/or activating Group II metabotropic glutamate receptors. Here we 

examined the molecular and cellular mechanisms by which 3-HK controls the neosynthesis of XA 

in rat, mouse and human brain, and compared the physiological actions of 3-HK and XA in the rat 

brain. In tissue homogenates, XA formation from 3-HK was observed in all three species and 

traced to a major role of kynurenine aminotransferase II (KAT II). Transamination of 3-HK to XA 

was also demonstrated using human recombinant KAT II. Neosynthesis of XA was significantly 

increased in the quinolinate-lesioned rat striatum, indicating a non-neuronal localization of the 

process. Studies using rat cortical slices revealed that newly produced XA is rapidly released into 

the extracellular compartment, and that XA biosynthesis can be manipulated experimentally in the 

same way as the production of kynurenic acid from kynurenine (omission of Na+ or glucose, 

depolarizing conditions, or addition of 2-oxoacids). The synthesis of XA from 3-HK was 

confirmed in vivo by striatal microdialysis. In slices from the rat hippocampus, both 3-HK and XA 

reduced the slopes of dentate gyrus field EPSPs. The effect of 3-HK was reduced in the presence 

of the KAT inhibitor aminooxyacetic acid. Finally, both 3-HK and XA reduced the power of 

gamma-oscillatory activity recorded from the hippocampal CA3 region. Endogenous XA, newly 

formed from 3-HK, may therefore play a physiological role in attentional and cognitive processes.

INTRODUCTION

In mammals, the essential amino acid tryptophan is mainly degraded via the kynurenine 

pathway (KP), leading to the formation of several bioactive metabolites and, eventually, 

NAD+ (Fig. 1). Of special interest to brain research, one branch of the catabolic cascade 

contains two neurotoxic metabolites, 3-hydoxykynurenine (3-HK) and quinolinic acid 

Correspondence: Robert Schwarcz, Ph.D., Maryland Psychiatric Research Center, P.O. Box 21247, Baltimore, MD 21228 (USA), 
Phone: +1-410-402-7635; Fax: +1-410-747-2434, rschwarc@mprc.umaryland.edu. 

HHS Public Access
Author manuscript
Neuroscience. Author manuscript; available in PMC 2018 February 20.

Published in final edited form as:
Neuroscience. 2017 December 26; 367: 85–97. doi:10.1016/j.neuroscience.2017.10.006.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(QUIN). In excess, 3-HK can cause neuronal death by generating reactive free radicals 

(Eastman et al., 1992, Okuda et al., 1996, 1998), while QUIN is an excitotoxin acting both 

as an agonist of the N-methyl-D-aspartate (NMDA) receptor (Stone and Perkins, 1981) and 

as a free radical generator (Schwarcz et al., 1983, Santamaria et al., 2001). A competing arm 

of the KP produces the neuroinhibitory compound kynurenic acid (KYNA), which targets 

NMDA and ±7 nicotinic receptors as well as other sites (Moroni et al., 2012, Stone et al., 

2013), and has anticonvulsant and neuroprotective properties (Foster et al., 1984). In 

mammals, dysregulation of the KP, resulting in hyper- or hypofunction of active metabolites, 

is associated with a plethora of pathological conditions (Stone et al., 2003). Abnormalities in 

the brain have been plausibly associated with the occurrence of neurodegenerative and other 

neurological disorders, as well as with major psychiatric diseases (see (Stone and 

Darlington, 2002, Schwarcz et al., 2012) for reviews).

Xanthurenic acid (XA), a metabolite of the KP formed from 3-HK, is a structural analog of 

KYNA (Fig. 1). Although its presence in living organisms has been known for many 

decades (Musajo, 1935, Lepkovsky et al., 1943), the biological actions of XA have received 

only sparse attention to date. Its role has so far been primarily studied in invertebrates – for 

example in mosquitoes where XA is present in the head and mid-gut (Bhattacharyya and 

Kumar, 2001). In the malaria parasite Plasmodium, XA can trigger gametogenesis via a 

mechanism involving cGMP-dependent protein kinase and a rise of intracellular calcium 

once the parasite enters the host’s blood (Billker et al., 1998, Garcia et al., 1998). Notably, 

however, recent studies have also begun to indicate a physiological role of the metabolite in 

mammals. Thus, XA, which exhibits antioxidant properties both in vitro and in vivo 
(Christen et al., 1990, Murakami et al., 2001, Lima et al., 2012), has vasorelaxing properties 

(Fazio et al., 2017a), attenuates tetrahydrobiopterine biosynthesis (Haruki et al., 2016) and 

may regulate glucose homeostasis (Favennec et al., 2016). Notably, XA induces apoptotic 

cell death in cultured lens epithelial cells (Malina et al., 2002) and has been repeatedly 

linked to various pathological events, including type 2 diabetes (Oxenkrug, 2015).

Examination of the localization, transport and release of XA in the rodent brain suggests that 

the metabolite is involved in synaptic signaling pathways (Gobaille et al., 2008), possibly by 

targeting G-protein-coupled receptors (Taleb et al., 2012). Specifically, XA may function as 

an endogenous modulator of glutamatergic neurotransmission, causing a net reduction in 

extracellular glutamate levels (Fukuyama et al., 2014). This effect may be related to the 

ability of XA to inhibit the vesicular glutamate transporter (Bartlett et al., 1998, Neale et al., 

2013) and/or to interact with Group II (mGlu 2 and mGlu 3) metabotropic glutamate 

receptors (Copeland et al., 2013, Fazio et al., 2015). As Group II receptors may be 

implicated in the etiology of schizophrenia and are considered targets for novel 

antipsychotic drug treatments (see (Li et al., 2015), for review), these properties of XA may 

be of special relevance in the pathophysiology of psychiatric diseases. Of interest in this 

context, the levels of XA are reduced in both brain and serum of patients with schizophrenia 

and their first-degree relatives (Fazio et al., 2015).

Using a radiochemical method (intracerebral infusion of 3H-L-kynurenine), XA (i.e. 3H-XA) 

has been shown to be rapidly produced in the rat brain in vivo (Guidetti et al., 1995, Ceresoli 

et al., 1997). Although not verified experimentally in these studies, XA was assumed to be 
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formed by the irreversible transamination of its immediate bioprecursor 3-HK by the same 

enzyme(s) that convert the pivotal KP metabolite L-kynurenine to kynurenic acid (Guidetti 

et al., 1997) (Fig. 1). These kynurenine aminotransferases (KATs) have been characterized 

extensively in the mammalian brain (Okuno et al., 1991b, Guidetti et al., 1997, Guidetti et 

al., 2007a).

The present study was designed to directly examine the neosynthesis of XA from 3-HK in 

rat, mouse and human brain, using a variety of biochemical approaches in vitro and in vivo. 

In complementary electrophysiological experiments, we used tissue slices from the rat 

hippocampus to compare the effects of 3-HK and XA on synaptic transmission and circuit 

function.

MATERIALS AND METHODS

Chemicals

XA was purchased from MP Biomedicals, LLC (Illkirch-Graffenstaden, France). L-

Kynurenine sulfate (L-kynurenine; purity: 99.4%) was obtained from Sai Advantium 

(Hyderabad, India). L-[1-14C] glutamic acid (0.1 mCi/mL) was purchased from Sigma 

Aldrich (St. Louis, MO, USA). The selective KAT II inhibitor (S)-(-)-9-(4-

aminopiperazin-1-yl)-8-fluoro-3-methyl-6-oxo-2,3-dihydro-6H-1-oxa-3a-azaphenalene-5-

carboxylic acid (BFF-122) was kindly provided by Dr. Y. Kajii (Mitsubishi-Tanabe, 

Yokohama, Japan). DL-3-hydroxykynurenine (DL-3-HK), quinolinic acid (QUIN) and L-±-

aminoadipic acid (L-±AA) were purchased from Sigma Aldrich. Other chemicals used were 

obtained from various commercial suppliers and were of the highest available purity. 

Recombinant human KAT II was generously provided by Drs. S. Pidugu and E. Toth (Center 

for Biomolecular Therapeutics, University of Maryland School of Medicine, Rockville, MD, 

USA).

Animals

Adult male Sprague-Dawley rats (250–300 g; Charles River Laboratories, Kingston, NY, 

USA) were used for biochemical experiments. Studies in mice (FVB/N strain) were 

performed using 2–3-months-old male wild-type and KAT II knockout animals (Yu et al., 

2004). Animals were housed in a temperature-controlled, AAALAC-approved animal 

facility on a 12/12h-light/dark cycle with unlimited access to food and water. The 

experimental protocol was approved by the Institutional Animal Care and Use Committee of 

the University of Maryland School of Medicine.

Animals were anesthetized with CO2 and killed by decapitation, and their brains were 

quickly removed and placed on ice. For regional distribution studies, the olfactory bulb, 

frontal cortex, striatum, hippocampus, brainstem, and cerebellum were rapidly dissected on 

ice and processed as described below.

Electrophysiological experiments were conducted on tissue from adult (>6-weeks old) 

Sprague-Dawley rats (Harlan, Bicester, UK), housed on a 12/12h-light/dark cycle with 

unlimited access to food and water. Experimental conditions and procedures were in 
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accordance with the UK Animals (Scientific Procedures) Act 1986 and associated 

guidelines.

Human brain tissue

Human brain samples (cortex) were provided by the Maryland Brain Collection, a repository 

of postmortem tissue maintained in cooperation with the office of the Chief Medical 

Examiner of the State of Maryland and housed at the Maryland Psychiatric Research Center. 

The brains used in this study were from six donors (age: 62.1 ± 7.8 years, post-mortem 

interval: 7.6 ± 1.8 h, M/F: 5/1, 4 Caucasians, 2 African-Americans) who had died without a 

history of neurological or psychiatric disease. The anterior prefrontal cortex (Brodmann area 

10) was dissected out, and the tissue was stored at −80°C prior to analysis.

Recombinant human KAT II

The expression plasmid containing human KAT II (hKAT II) as C-terminal intein (chitin 

binding domain) fusion, in pTXB1 vector, was transformed into BL21 (DE3) cells. Cells 

were grown in 2YT media at 37°C to an OD600 of 0.6, and induced with 300 μM isopropyl 
2-D-1-thiogalactopyranoside for 18–20 h at 18°C. The cells were harvested by centrifugation 

at 2,700 × g for 20 min. The pellets were re-suspended in chitin column buffer, pH 8.5, 

containing 20 mM Tris, 500 mM NaCl and 1 mM EDTA in 10% glycerol and 5 mM 2-

mercaptoethanol. hKAT II was purified by affinity chromatography using a chitin column 

(New England Biolabs, Ipswich, MA, USA). Intein was cleaved on the column by washing 

with the chitin column buffer containing 50 mM dithiothreitol. This was followed by ion 

exchange chromatography using a DEAE column (GE Healthcare Life Sciences, 

Marlborough, MA, USA). Pure hKAT II was obtained after a final round of purification by 

size exclusion chromatography, using a S200 column (GE Healthcare Life Sciences). Protein 

(in 20 mM Tris, 50 mM NaCl and 40 μM pyridoxal-5′-phosphate, pH 8.5) was concentrated 

to 10.2 mg/ml, flash-frozen in liquid nitrogen and stored at −80°C.

Striatal quinolinic acid lesions in rats

Rats were placed in a stereotaxic frame (David Kopf, Tujunga, CA, USA) while under 

chloral hydrate anesthesia (360 mg/kg, i.p). One μl of a solution containing 300 nmoles of 

QUIN, prepared in phosphate-buffered saline (PBS) (pH 7.4), and 1 μl PBS, respectively, 

were then infused into the two striata (Schwarcz et al., 1983). Seven days later, animals were 

euthanized, and the striata were rapidly dissected and frozen on dry ice. The success of the 

lesion was determined by measuring glutamate decarboxylase (GAD) activity (Schwarcz et 

al., 1983).

Aminotransferase assays

Tissue samples (rat, mouse and human) were weighed while frozen and then homogenized 

(brain: 1:5, wt/vol; liver: 1:50, wt/vol) by sonication (Branson Ultrasonics Corp., Danbury, 

CT, USA) in ultrapure water. Based on the study of Okuno et al. (Okuno et al., 1991b), 60 

μL of the original tissue homogenate were routinely incubated for 2 h at 37°C in a solution 

containing 150 mM Tris-acetate buffer, pH 7.4 (i.e. the optimal pH for KAT II but not for 

KAT I/KAT III; (Guidetti et al., 1997, Pinto et al., 2014), 1 mM pyruvate, 80 μM pyridoxal- 
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5′-phosphate and 500 μM ascorbic acid in a total volume of 200 μL Ten μM (rat) or 100 μM 

(human) of either L-kynurenine or DL-3-HK were used for measuring the synthesis of 

KYNA and XA, respectively. Blanks were obtained by adding 20 μL of the non-specific 

aminotransferase inhibitor aminooxyacetic acid (AOAA) to the incubation solution (final 

concentration: 1 mM). KAT inhibitors [final concentrations: 10 mM glutamine (inhibitor of 

KAT I/KAT III) (Han et al., 2010, Pinto et al., 2014) or 100 μM BFF-122 (KAT II inhibitor; 

(Amori et al., 2009)] were added to the incubation mixture in 20 μL aliquots where 

indicated. The reaction was terminated by the addition of 20 μL of 50% (w/v) trichloroacetic 

acid and 200 μL of 0.1 N HCl, and the precipitated proteins were removed by centrifugation 

(16,000 × g, 10 min).

The same protocol was followed for measuring KAT activity in mouse brain and liver, albeit 

using 400 μM DL-3-HK as a substrate.

Using recombinant hKAT II, 5 μL of the pure enzyme preparation were incubated with 10 

μM DL-3-HK, and KAT activity was measured under routine incubation conditions as 

described above.

KYNA measurement

After suitable dilutions, 20 μL of the acidified supernatant (see above) were applied to a 3 

μm C18 reverse-phase column (HR-80; 80 mm × 4.6 mm; ESA, Chelmsford, MA, USA), 

and KYNA was isocratically eluted using a mobile phase containing 250 mM zinc acetate, 

50 mM sodium acetate and 3% acetonitrile (pH 6.2) at a flow rate of 1 mL/min. In the 

eluate, KYNA was detected fluorimetrically (excitation wavelength: 344 nm; emission 

wavelength: 398 nm; S200 fluorescence detector; Perkin-Elmer, Waltham, MA, USA). The 

retention time of KYNA under these conditions was <7 min.

XA measurement

Twenty μL of the same supernatant used for KYNA analysis were applied to a 5 μm C18 

reverse-phase HPLC column (Adsorbosil; 150 mm × 4.6 mm; Grace, Deerfield, IL, USA), 

and XA was isocratically eluted using a mobile phase containing citric acid buffer (pH 3.0), 

7–8% acetonitrile at a flow rate of 600 μL/min (Okech et al., 2006). In the eluate, XA was 

detected electrochemically using a HTEC 500 detector (Eicom Corp., San Diego, CA, USA; 

oxidation potential: +0.85 V). The retention time of XA was ~9 min.

In pilot experiments, we also used UV detection to measure XA. To this end, 20 μl of the 

supernatant were applied to a 5 pm C18 reverse-phase HPLC column (150 mm × 4.6 mm; 

Adsorbosil; Grace, Deerfield, IL, USA), and XA was isocratically eluted using a mobile 

phase containing 0.1 mM citric acid buffer (pH 3.0) and 8% acetonitrile at a flow rate of 800 

μL/min. In the eluate, XA was detected by UV absorbance at 340 nm (SPD-10A VP series; 

Shimadzu Corp., Columbia, MD, USA). The retention time of XA was ~8 min.

Studies using rat brain tissue slices

Tissue slices from rat brain (1 mm × 1 mm base) were prepared using a McIlwain chopper 

(Mickle Laboratory Engineering, Gomshall, UK) and immediately placed in culture wells 
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(two slices per well; total volume: 100 μL) containing ice-cold Krebs-Ringer buffer (KRB) 

(118.5 mM NaCl, 4.75 mM KCl, 1.77 mM CaCl2, 1.18 mM MgSO4, 5 mM glucose, 12.9 

mM NaH2PO4, 3 mM Na2HPO4). Before use, KRB was oxygenated for 20–30 min, and the 

pH was adjusted to 7.4. After pre-incubation (10 min at 37°C), the slices were incubated for 

2 h at 37°C in the presence of DL-3-HK (100 μM) on a shaking water bath. Ascorbic acid 

(final concentration: 500 μM) was added to the wells to minimize the effects of spontaneous 

oxidation of DL-3-HK (Cornelio et al., 2006).

To terminate the reaction, the wells were placed on ice, and the medium was rapidly 

separated from the tissue and acidified with 10 μL of 1 M HCl. Twenty μL of the medium 

were subjected to HPLC analysis, and XA was measured as described above. The tissue 

slices were homogenized in 100 μL of ultrapure water and frozen at −80°C for protein 

determination. In all experiments, assays were performed in triplicate.

To test the role of Na+, choline chloride and Tris-phosphate buffer were substituted for NaCl 

and NaH2PO4. In experiments using 50 mM K+ buffer, the NaCl concentration was reduced 

to 73 mM to maintain ionic strength. The effects of AOAA (final concentration: 1 mM), 

BFF-122 (100 μM), veratridine (50 μM), L-±-AA (1 mM), pyruvate (5 mM), and ±-

ketoglutarate (5 mM) were determined by adding 10 μL of each solution to regular KRB 

immediately prior to the preincubation period.

In vivo microdialysis in the rat striatum

Rats were anesthetized with chloral hydrate (360 mg/kg, i.p.) and mounted in a David Kopf 

stereotaxic frame (Tujunga, CA, USA). A guide cannula (outer diameter: 0.65 mm) was 

positioned over the striatum (AP: + 1.1 mm from bregma, L: ± 2.5 mm from the midline, V: 

3.0 mm below the dura) and secured to the skull with an anchor screw and acrylic dental 

cement. A concentric microdialysis probe (membrane length: 2 mm; SciPro, NY, USA) was 

then inserted through the guide cannula. The probe was connected to a microinfusion pump 

set to a speed of 1 μL/min and perfused with Ringer solution containing 144 mM NaCl, 4.8 

mM KCl, 1.2 mM MgSO4, and 1.7 mM CaCl2 (pH 6.7). Samples were collected every 30 

min for a total of 8 h. XA was determined in aliquots of the microdialysate as described 

above. The reported concentrations are not corrected for recovery from the microdialysis 

probe.

Protein measurement

Where indicated, protein was determined according to the Lowry method (Lowry et al., 

1951), using bovine serum albumin as a standard.

Electrophysiological experiments

Rats were killed by decapitation, and the brains were removed and placed into ice-cold 

oxygenated sucrose Krebs medium containing (mM): sucrose 202, KCl 2, KH2PO4 1.25, 

MgSO4 10, CaCl2 0.5, NaHCO3 26, ascorbic acid 0.5, glucose 10. The brain was hemisected 

along the midline, and either 300 μm parasagittal slices (for synaptic studies) or 400 μm 

horizontal slices (for studies of gamma oscillation) were prepared with an oscillating 

microtome (Integraslice, Campden Instruments, UK). Slices were then transferred to a 
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recovery chamber kept at room temperature and containing oxygenated Krebs solution 

(mM): NaCl 124, KCl 2, KH2PO4 1.25, MgSO4 1, CaCl2 2, NaHCO3 26, ascorbic acid 0.5, 

glucose 10. Following at least 1 h of recovery, individual slices were transferred to an 

interface recording chamber where they were perfused with Krebs solution at either 30–

32°C (synaptic studies) or 33–33.5°C (gamma oscillation studies). Extracellular field 

potential recordings were made using Krebs solution-filled glass micropipettes (resistance 

3–7 M&).

For synaptic studies, field excitatory postsynaptic potential (fEPSP) responses were evoked 

(0.1 ms pulses applied every 20 s; 3.2–4.5 V adjusted to approximately 80% of the maximal 

spike-free response) by a bipolar stimulating electrode positioned in the lower to middle 

portion of the hippocampal molecular layer. Responses recorded from dentate gyrus (DG) of 

the hippocampus were digitized (5 kHz) via a CED1401 interface and stored on a computer 

with Spike2 software (Cambridge Electronic Design, UK).

For gamma oscillation studies, extracellular field potential signals were recorded from the 

lower to middle portion of the hippocampal CA3 region, digitized (10 kHz) via a CED1401 

interface, and stored on a computer with CED Spike2 software. Gamma oscillatory activity 

could be elicited by the addition of carbachol (5 μM) to the recording medium. This activity 

typically stabilized after a period of 30 min, and the carbachol application was subsequently 

maintained at 5 μM throughout the remainder of the recording. Signal power in the 0.1-100 

Hz frequency range was computed using CED Spike 2 (version 7) software, and stable 

gamma oscillations with peak power in the 32–42 Hz region were quantified by computing 

RMS power using a Fast Fourier Transform (CED Spike2, version 7). Once stable gamma 
oscillatory activity was achieved, test compounds (DL-3-HK or XA) were added to the 

carbachol-containing perfusate for 15 min periods and then washed out. Effects of the two 

KP metabolites were expressed as percentage reductions in gamma frequency range RMS 

power compared to control.

Data analysis

The statistical tests used are indicated in the Figure legends. A p value of <0.05 was 

considered significant in all cases.

RESULTS

XA production from DL-3-HK in rat and mouse forebrain in vitro

In preliminary experiments, we examined the production of XA from DL-3-HK in rat 

cortical tissue homogenate in vitro using optimal assay conditions for the study of the 

formation of KYNA from kynurenine under physiological conditions (Okuno et al., 1991b). 

In addition, the incubation media always contained 500 μM ascorbic acid (see Materials and 

Methods). Using 10 μM DL-3-HK as a substrate, de novo formation of XA was observed 

after a 2-h incubation period (Fig. 2A and B), and the identity of newly formed XA was 

validated further by spiking the samples with a known amount of XA (Fig. 2C).

More detailed characterization of the conversion of DL-3-HK to XA revealed linearity up to 

4 h of incubation (data not shown) and over a wide range of substrate concentrations (3 μM 
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to 1 mM; Fig. 3A), and substantially less neosynthesis of XA when the incubation was 

performed at 20°C (Fig. 3B). Using standard assay conditions for rat cortical tissue 

homogenate (10 μM DL-3-HK, 2-h incubation), we also confirmed the production of XA in 

mouse forebrain tissue homogenate (7.8 ± 0.3 pmoles/h/mg tissue; n = 3).

XA production in rat brain: regional differences

Neosynthesis of XA from DL-3-HK was distributed unevenly in the rat brain (Fig. 3C). The 

highest enzyme activity was observed in the cortex, followed by the hippocampus, olfactory 

bulb, striatum, and brainstem. Homogenate from the cerebellum exhibited substantially 

lower enzyme activity than all other brain areas examined.

XA production in the quinolinate-lesioned rat striatum

The cellular localization of XA neosynthesis was examined in the QUIN-lesioned rat 

striatum. Confirming the success of the neuronal lesion, GAD activity in the QUIN-treated 

striatum was reduced by 74% compared to contralateral, PBS-injected controls (26.1 ± 4.7 

nmoles/h/mg protein vs. 101.4 ± 6.0 nmoles/h/mg protein; Fig. 3D). Incubation of the same 

striatal tissue homogenates with 10 μM DL-3-HK revealed significantly greater XA 

production in the lesioned compared to the contralateral striatum (8.0 ± 0.6 vs. 3.9 ± 0.1 

pmoles/h/mg protein).

Role of KAT in XA synthesis in rat and mouse tissue homogenate

The next set of experiments used rat cortical tissue homogenates to evaluate the roles of 

KAT I/KAT III and KAT II, respectively, in XA synthesis. To this end, we compared the 

ability of glutamine, which inhibits KAT I and KAT III, and BFF-122, a specific inhibitor of 

KAT II (Guidetti et al., 2007a, Amori et al., 2009), to prevent the de novo formation of XA 

and KYNA from DL-3-HK and L-kynurenine, respectively, under physiological conditions 

(i.e. pH 7.4;(Guidetti et al., 1997). As shown in Table 1, a majority of both XA and KYNA 

production from their respective substrates was found to be catalyzed by KAT II.

As KAT II accounts for ~95% of hepatic KAT (Guidetti et al., 2007a), we next incubated 

liver tissue homogenates from KAT II knockout and wild-type mice (Yu et al., 2004) with 

DL-3-HK. XA formation was essentially non-existent in tissue obtained from the mutant 

animals (Table 1).

De novo synthesis of XA by KAT in human brain tissue

The next experiments were designed to examine and characterize the conversion of XA from 

3-HK in human cortical tissue homogenate (Brodmann area 10). As in the studies with rat 

brain homogenate, the formation of XA and KYNA from DL-3-HK and L-kynurenine, 

respectively, were compared in parallel using the enzyme inhibitors glutamine and BFF-122. 

Similar to the results obtained with rat cortex, addition of 100 μM BFF-122 to the incubation 

medium revealed that KAT II accounted for a large proportion of XA and KYNA production 

in human brain (~74% and 50% inhibition, respectively). In contrast, 10 mM glutamine 

decreased the production of XA and KYNA only by ~22% and ~18%, respectively (Table 1).
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Finally, we used recombinant human KAT II to directly examine its ability to convert DL-3-

HK to XA. The pure enzyme catalyzed the reaction very effectively, and no neosynthesis of 

XA was observed when the KAT II inhibitor BFF-122 was added to the incubation medium 

(Table 1).

XA production in rat cortical slices: effects of KAT inhibitors, ionic milieu and 2-oxoacids

We next investigated the release of XA from rat cortical tissue slices after a 2-h exposure to 

100 μM DL-3-HK. After pilot studies confirmed that newly produced XA can be liberated 

into the incubation medium (data not shown), we tested the effects of various experimental 

manipulations in this paradigm. The presence of AOAA (1 mM final concentration) in the 

incubation blocked the appearance of XA in the extracellular medium almost completely 

(Fig. 4A). Addition of BFF-122 (100 μM final) decreased XA formation by 78%, and L-

±AA (1 mM final), a competitive substrate of KAT II (Tobes and Mason, 1977), reduced the 

extracellular presence of XA by 67% (Fig. 4A). Taken together, these data support the 

results from our studies in cell-free preparations, indicating that KAT II is mainly 

responsible for the synthesis of rapidly mobilizable XA in the rat brain.

In the next series of experiments, we varied the composition of the incubation medium in 

order to investigate possible influences of physiologically relevant modifications on the 

synthesis and release of XA in cortical slices. Depolarizing conditions, induced either by 

raising the K+ concentration to 50 mM or by adding veratridine (final concentration: 50 μM) 

to the incubation medium, inhibited the formation of XA by 43% and 72%, respectively 

(Fig. 4B). Elimination of glucose from the incubation medium also decreased the de novo 
production of XA from DL-3-HK by 40% (Fig. 4B). To elucidate the role of Na+, we either 

removed Na+ from the Krebs-Ringer buffer or added tetrodotoxin (final concentration: 1 and 

2 μM), a blocker of voltage-gated Na+ channels, to the incubation medium. While neither 

concentrations of tetrodotoxin had an effect (data not shown; n = 3 per dose), deletion of Na
+ increased XA production by 61% (Fig. 4B).

The roles of pyruvate and ±-ketoglutarate (±-KG), two effective co-substrates of KATs 

(Guidetti et al., 1997), were examined using a final concentration of 5 mM. Both oxo-acids 

augmented XA neosynthesis compared to controls (by 205% and 109%, respectively; Fig. 

4C).

Effect of DL-3-HK on extracellular XA in the rat striatum in vivo

Microdialysis was performed to examine the conversion of DL-3-HK to XA in the rat 

striatum in vivo. After collecting four 30-min fractions for baseline measurements, DL-3-

HK (10 μM) was applied for 2 h by reverse dialysis, and microdialysis then continued for an 

additional 4 h. Basal extracellular XA levels were barely detectable with our methodology 

(<4 nM), but XA could be reliably measured after its synthesis was stimulated. Thus, XA 

levels increased rapidly following the introduction of DL-3-HK, reached a maximal 

concentration of approximately 350 nM, and dropped precipitously soon after the removal of 

the bioprecursor (Fig. 5).
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Effect of DL-3-HK and XA on synaptic transmission in the hippocampal dentate gyrus

Stimulation in the hippocampal molecular layer resulted in field EPSPs (fEPSPs) that could 

be recorded in the dentate gyrus (DG). Addition of 0.3 mM DL-3-HK to the perfusion 

medium had little effect on the fEPSP slope, whereas higher concentrations caused 

significant reductions in fEPSP slopes at 1 mM (14.1 ± 2.0 % reduction, n = 7) and 3 mM 

(41.2 ± 4.2 % reduction, n = 7) (Fig. 6). Similarly, XA also reduced the slope of the fEPSP 

(3 mM: 8.4 ± 1.4 % reduction, n = 5). These results are qualitatively similar to those 

previously obtained with XA in this experimental preparation in the mouse (Neale et al., 

2013). As the inhibitor AOAA blocks the formation of XA from DL-3-HK (see above), we 

next investigated whether AOAA could prevent the effects of DL-3-HK on synaptic 

transmission. Pre-application of 1 mM AOAA to the slices indeed resulted in a lesser 

reduction (15.1 ± 3.7 % reduction, n = 5) of the fEPSPs caused by DL-3-HK (3 mM) (Fig. 

6).

Effect of DL-3-HK and XA on gamma oscillations in the CA3 region of the hippocampus

Incubation of hippocampal slices in 5 μM carbachol for 45 min or longer resulted in stable 

expression of 30–45 Hz oscillations in the hippocampal CA3 area, similar to the gamma 
oscillations described previously (Colgin et al., 2009, Maier et al., 2013, Chan et al., 2016) 

(Fig. 7). Addition of DL-3-HK (1 mM) to the bathing medium caused a reduction in the 

peak power in the gamma region by 56 ± 8.9% (n = 7). Similarly, addition of XA (either 1 

mM or 3 mM) caused reductions in the gamma peak power by 29 ± 3.8% (n = 12) and 91 

± 2.6% (n = 6), respectively, whereas 0.3 mM XA had no significant effect (Figs. 7 and 8).

DISCUSSION

The present study was designed to characterize in detail the mechanisms that control XA 

production from 3-HK in rat, mouse and human brain. In light of the close similarity of the 

two biosynthetic processes, most experiments were guided by previous studies which had 

investigated the cerebral de novo synthesis of KYNA from L-kynurenine (Okuno et al., 

1991a, Wu et al., 1992, Gramsbergen et al., 1997, Guidetti et al., 2007a). In addition, we 

conducted electrophysiological studies, describing and comparing the effects of DL-3-HK 

and XA in hippocampal tissue slices in vitro. Jointly, our results showed that XA is 

produced from 3-HK in the mammalian brain in close analogy to the neosynthesis of KYNA 

from kynurenine, that 3-HK affects synaptic function and oscillatory activity in the 

hippocampus, and that at least some of these physiological effects could be attributable to 

the formation of XA.

In vitro experiments using tissue homogenates from the rat cerebral cortex revealed the 

expected time- and temperature-dependency of XA neosynthesis from 3-HK. Tissue 

incubation with up to 1 mM DL-3-HK resulted in proportional elevations in newly produced 

XA, indicating that the process was not saturated even at high concentrations of the 

precursor. Although limits in the solubility of DL-3-HK did not permit full kinetic 

assessment of XA formation, these results indicated that XA production in the rat brain was 

likely catalyzed by KATs, which have Km values in the low millimolar range (Han et al., 

2004, Guidetti et al., 2007a, Han et al., 2008). This conclusion, which is in agreement with 
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common assumptions (Guidetti et al., 1997) (cf. Fig. 1), was further supported by the fact 

that regional differences in XA production in the rat brain showed a similar pattern as 

previously reported for KAT-catalyzed KYNA synthesis from kynurenine (Okuno et al., 

1991b). Taken together, these results imply that the synthesis of KYNA and XA in the brain 

will depend on the relative availability of the two KAT substrates, kynurenine and 3-HK, 

respectively. Notably, XA formation from DL-3-HK could also be readily demonstrated in 

tissue homogenates from mouse and human brain under the same experimental conditions.

The cellular localization of XA production was examined using tissue homogenate obtained 

from the rat striatum seven days after a focal injection of QUIN, which causes the 

degeneration of intrinsic neurons and pronounced reactive astrogliosis (Björklund et al., 

1986). XA neosynthesis from DL-3-HK was substantially increased in lesioned compared to 

normal control tissue, paralleling the enhanced production of KYNA from kynurenine in the 

same paradigm (Guidetti et al., 1997) and suggesting that the transamination of 3-HK takes 

place mainly in non-neuronal cells. This question needs to be assessed further in healthy 

tissue, however, and species differences may exist. Thus, a recent immunocytochemical 

study with antibodies directed against XA itself described an exclusive neuronal localization 

of the metabolite in the mouse brain (Roussel et al., 2016).

Using three complementary experimental approaches, we sought to identify the KAT 

enzymes that were responsible for the de novo synthesis of XA. As KAT II (= L-±AA 

aminotransferase) is the predominant enzyme catalyzing the rapid transamination of L- 

kynurenine to KYNA in the adult rat and human brain under physiological conditions 

(Guidetti et al., 2007a), we first examined the effect of BFF-122, a selective inhibitor of 

KAT II (Amori et al., 2009). Incubation of DL-3-HK in the presence of this compound 

dramatically reduced the production of XA, whereas addition of glutamine, which inhibits 

KAT I (= glutamine aminotransferase) (Cooper, 2004) caused only a modest decrease in XA 

formation. The efficacy of KAT II was further substantiated using a partially purified 

preparation of the rat enzyme (data not shown) as well as human recombinant KAT II 

protein. Finally, as KAT II normally accounts for ~95% of hepatic KAT (Guidetti et al., 

2007a), the ability of KAT II to form XA from DL-3-HK was tested using liver tissue 

homogenate from KAT II knockout mice (Yu et al., 2004). Genetic elimination of KAT II 

essentially abolished the neosynthesis of XA.

Studies using freshly dissected tissue slices from rat cerebral cortex confirmed that the 

majority of XA formation from 3-HK is catalyzed by KAT II. Thus, incubation in the 

presence of BFF-122 decreased the extracellular presence of newly produced XA by 78%. In 

analogy to experiments designed to investigate KYNA production from kynurenine in brain 

tissue slices (Gramsbergen et al., 1997), a quantitatively similar reduction of XA 

neosynthesis was also observed when the competitive KAT II substrate L-±AA was added to 

the incubation medium. Notably, as KAT II in the rat brain is almost exclusively contained in 

astrocytes (Guidetti et al., 2007b), these studies, taken together, support the notion that glial 

cells, rather than neurons, are responsible for the majority of XA neosynthesis (cf. above).

Studies with tissue slices also demonstrated that the mechanisms controlling the cerebral 

formation of XA from 3-HK are identical to those regulating the conversion of kynurenine to 
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KYNA in the brain (Gramsbergen et al., 1997). Thus, the levels of newly produced XA were 

substantially lower when glucose was removed from the incubation mixture or when the 

tissue was exposed to depolarizing concentrations of K+ or veratridine. In contrast, pyruvate 

and ±-KG, two 2-oxoacids which can function as co-substrates of the enzymatic 

transamination reaction, or removal of Na+ from the incubation buffer, caused significant 

increases in de novo XA synthesis. As discussed previously in the context of the regulation 

of KYNA neosynthesis, these phenomena indicate that XA production in the brain is 

controlled by fluctuations in cerebral energy metabolism and likely involves neuron-glia 

interactions (Gramsbergen et al., 1997). Of importance in this context, the present 

electrophysiological experiments using hippocampal slices revealed that pharmacological 

inhibition of the transamination process greatly reduces the effect of 3-HK on synaptic 

transmission, demonstrating the functional significance of down-regulated XA production.

In line with our report revealing the cerebral synthesis of 3H-XA from 3H-kynurenine in 

awake rats (Guidetti et al., 1995), our study also showed that DL-3-HK is promptly 

converted to XA in the brain in vivo. In these experiments, DL-3-HK was applied by reverse 

dialysis to the rat striatum, and newly synthesized XA was recovered from the perfusate, 

providing further evidence that exogenously supplied 3-HK enters cells for transamination to 

XA, which is in turn rapidly liberated into the extracellular compartment. This newly 

produced XA may, in fact, be released very close to its site of action, providing a possible 

explanation for our observation that 3-HK was more potent than exogenously applied XA in 

our electrophysiological experiments. Probably using the same two transporters – one Na+-

dependent and one Na+-independent – as kynurenine (Speciale and Schwarcz, 1990), brain 

cells then actively accumulate 3-HK (Eastman et al., 1992), though the mechanism 

responsible for the release of newly formed XA has not been elaborated so far. Interestingly, 

and again in analogy to kynurenic acid (Uwai et al., 2012), XA can be removed from the 

extracellular space by the organic anion transporters OAT1 and OAT3 (Uwai and Honjo, 

2013).

The present results, as well as a series of studies demonstrating the ability of XA to 

influence glutamatergic neurotransmission by inhibiting vesicular glutamate transport (Neale 

et al., 2013, Neale et al., 2014) and possibly by modulating Group II metabotropic glutamate 

receptors (Copeland et al., 2013, Fazio et al., 2015, Fazio et al., 2017b), provide support for 

the idea that endogenous XA, synthesized from 3-HK, plays a role in brain physiology. In 

addition to the reduction in 3-HK- or XA-induced synaptic transmission and gamma 
oscillations in the hippocampus shown here, previous studies in rodents had demonstrated 

that local perfusion of XA reduces glutamate release in the substantia nigra (Fukuyama et 

al., 2014), affects sensory transmission in the thalamus (Copeland et al., 2013), and 

decreases the amplitude of field excitatory postsynaptic potentials in the hippocampus and 

cerebral cortex (Neale et al., 2014). Notably, these molecular targets and functional effects 

of XA, which may also involve specific G-protein-coupled receptors and related increases in 

intracellular Ca2+ concentrations (Taleb et al., 2012), also suggest a possible role of XA in 

the pathophysiology of schizophrenia – especially with regard to the impairment of the 

attentional and cognitive processes seen in the disease (Green et al., 2004, Eastwood and 

Harrison, 2005, Oni-Orisan et al., 2008, Uhlhaas and Singer, 2010, Sodhi et al., 2011) – XA 

levels are indeed abnormal in both brain and serum of patients with schizophrenia and their 
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first-degree relatives (Fazio et al., 2015). More generally, dysfunctional KP metabolism has 

been consistently observed in persons with schizophrenia, and pharmacological 

interventions targeting specific KP enzymes have been proposed to provide therapeutic 

benefits to patients (see (de Bie et al., 2016) and (Plitman et al., 2017) for recent reviews).

Several important issues concerning XA neurobiology remain to be addressed, importantly 

including elucidation of the mechanisms which control the cross-talk between peripheral and 

central 3-HK and XA under physiological and pathological conditions (Fukui et al., 1991, 

Gobaille et al., 2008). Moreover, in order to better conceptualize the possible participation of 

XA in brain function and dysfunction, it will not only be necessary to clarify the cellular 

localization of cerebral XA biosynthesis from 3-HK (see above) but also to unequivocally 

identify the cells which form 3-HK from kynurenine in the brain (Sathyasaikumar et al., 

2016) (Fig. 1). These experiments can be expected to clarify and strengthen arguments for 

the proposed role of endogenous XA as a functionally significant KP metabolite in the 

mammalian brain.

Acknowledgments

This work was supported by USPHS grant P50 MH103222 (to R.S.)

References

Amori L, Guidetti P, Pellicciari R, Kajii Y, Schwarcz R. On the relationship between the two branches 
of the kynurenine pathway in the rat brain in vivo. J Neurochem. 2009; 109:316–325. [PubMed: 
19226371] 

Bartlett RD, Esslinger CS, Thompson CM, Bridges RJ. Substituted quinolines as inhibitors of L-
glutamate transport into synaptic vesicles. Neuropharmacology. 1998; 37:839–846. [PubMed: 
9776380] 

Bhattacharyya MK, Kumar N. Effect of xanthurenic acid on infectivity of Plasmodium falciparum to 
Anopheles stephensi. International journal for parasitology. 2001; 31:1129–1133. [PubMed: 
11429178] 

Billker O, Lindo V, Panico M, Etienne AE, Paxton T, Dell A, Rogers M, Sinden RE, Morris HR. 
Identification of xanthurenic acid as the putative inducer of malaria development in the mosquito. 
Nature. 1998; 392:289–292. [PubMed: 9521324] 

Björklund H, Olson L, Dahl D, Schwarcz R. Short- and long-term consequences of intracranial 
injections of the excitotoxin, quinolinic acid, as evidenced by GFA immunohistochemistry of 
astrocytes. Brain research. 1986; 371:267–277. [PubMed: 2938667] 

Ceresoli G, Guidetti P, Schwarcz R. Metabolism of [5-(3)H]kynurenine in the developing rat brain in 
vivo: effect of intrastriatal ibotenate injections. Brain research Developmental brain research. 1997; 
100:73–81. [PubMed: 9174248] 

Chan F, Lax NZ, Davies CH, Turnbull DM, Cunningham MO. Neuronal oscillations: A physiological 
correlate for targeting mitochondrial dysfunction in neurodegenerative diseases? 
Neuropharmacology. 2016; 102:48–58. [PubMed: 26518370] 

Christen S, Peterhans E, Stocker R. Antioxidant activities of some tryptophan metabolites: possible 
implication for inflammatory diseases. Proc Natl Acad Sci U S A. 1990; 87:2506–2510. [PubMed: 
2320571] 

Colgin LL, Denninger T, Fyhn M, Hafting T, Bonnevie T, Jensen O, Moser MB, Moser EI. Frequency 
of gamma oscillations routes flow of information in the hippocampus. Nature. 2009; 462:353–357. 
[PubMed: 19924214] 

Sathyasaikumar et al. Page 13

Neuroscience. Author manuscript; available in PMC 2018 February 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cooper AJ. The role of glutamine transaminase K (GTK) in sulfur and alpha-keto acid metabolism in 
the brain, and in the possible bioactivation of neurotoxicants. Neurochemistry international. 2004; 
44:557–577. [PubMed: 15016471] 

Copeland CS, Neale SA, Salt TE. Actions of Xanthurenic acid, a putative endogenous Group II 
metabotropic glutamate receptor agonist, on sensory transmission in the thalamus. 
Neuropharmacology. 2013; 66:133–142. [PubMed: 22491023] 

Cornelio AR, Rodrigues-Junior Vda S, Rech VC, de Souza Wyse AT, Dutra-Filho CS, Wajner M, 
Wannmacher CM. Inhibition of creatine kinase activity from rat cerebral cortex by 3-
hydroxykynurenine. Brain research. 2006; 1124:188–196. [PubMed: 17097623] 

de Bie J, Lim CK, Guillemin GJ. Kynurenines, gender and neuroinflammation; showcase 
schizophrenia. Neurotoxicity research. 2016; 30:285–294. [PubMed: 27342132] 

Eastman CL, Guilarte TR, Lever JR. Uptake of 3-hydroxykynurenine measured in rat brain slices and 
in a neuronal cell line. Brain research. 1992; 584:110–116. [PubMed: 1515932] 

Eastwood SL, Harrison PJ. Decreased expression of vesicular glutamate transporter 1 and complexin II 
mRNAs in schizophrenia: further evidence for a synaptic pathology affecting glutamate neurons. 
Schizophrenia research. 2005; 73:159–172. [PubMed: 15653259] 

Favennec M, Hennart B, Verbanck M, Pigeyre M, Caiazzo R, Raverdy V, Verkindt H, Leloire A, 
Guillemin GJ, Yengo L, Allorge D, Froguel P, Pattou F, Poulain-Godefroy O. Post-bariatric 
surgery changes in quinolinic and xanthurenic acid concentrations are associated with glucose 
homeostasis. PloS one. 2016; 11:e0158051. [PubMed: 27327770] 

Fazio F, Carrizzo A, Lionetto L, Damato A, Capocci L, Ambrosio M, Battaglia G, Bruno V, Madonna 
M, Simmaco M, Nicoletti F, Vecchione C. Vasorelaxing action of the kynurenine metabolite, 
xanthurenic acid: The missing link in endotoxin-induced hypotension? Frontiers in pharmacology. 
2017a; 8:214. [PubMed: 28507519] 

Fazio F, Lionetto L, Curto M, Iacovelli L, Cavallari M, Zappulla C, Ulivieri M, Napoletano F, Capi M, 
Corigliano V, Scaccianoce S, Caruso A, Miele J, De Fusco A, Di Menna L, Comparelli A, De 
Carolis A, Gradini R, Nistico R, De Blasi A, Girardi P, Bruno V, Battaglia G, Nicoletti F, Simmaco 
M. Xanthurenic acid activates mGlu2/3 metabotropic glutamate receptors and is a potential trait 
marker for schizophrenia. Scientific reports. 2015; 5:17799. [PubMed: 26643205] 

Fazio F, Lionetto L, Curto M, Iacovelli L, Copeland CS, Neale SA, Bruno V, Battaglia G, Salt TE, 
Nicoletti F. Cinnabarinic acid and xanthurenic acid: Two kynurenine metabolites that interact with 
metabotropic glutamate receptors. Neuropharmacology. 2017b; 112:365–372. [PubMed: 
27342123] 

Foster AC, Vezzani A, French ED, Schwarcz R. Kynurenic acid blocks neurotoxicity and seizures 
induced in rats by the related brain metabolite quinolinic acid. Neuroscience letters. 1984; 48:273–
278. [PubMed: 6237279] 

Fukui S, Schwarcz R, Rapoport SI, Takada Y, Smith QR. Blood-brain barrier transport of kynurenines: 
implications for brain synthesis and metabolism. J Neurochem. 1991; 56:2007–2017. [PubMed: 
1827495] 

Fukuyama K, Tanahashi S, Hoshikawa M, Shinagawa R, Okada M. Zonisamide regulates basal ganglia 
transmission via astroglial kynurenine pathway. Neuropharmacology. 2014; 76(Pt A):137–145. 
[PubMed: 23973311] 

Garcia GE, Wirtz RA, Barr JR, Woolfitt A, Rosenberg R. Xanthurenic acid induces gametogenesis in 
Plasmodium, the malaria parasite. J Biol Chem. 1998; 273:12003–12005. [PubMed: 9575140] 

Gobaille S, Kemmel V, Brumaru D, Dugave C, Aunis D, Maitre M. Xanthurenic acid distribution, 
transport, accumulation and release in the rat brain. J Neurochem. 2008; 105:982–993. [PubMed: 
18182052] 

Gramsbergen JB, Hodgkins PS, Rassoulpour A, Turski WA, Guidetti P, Schwarcz R. Brain-specific 
modulation of kynurenic acid synthesis in the rat. J Neurochem. 1997; 69:290–298. [PubMed: 
9202322] 

Green MF, Nuechterlein KH, Gold JM, Barch DM, Cohen J, Essock S, Fenton WS, Frese F, Goldberg 
TE, Heaton RK, Keefe RS, Kern RS, Kraemer H, Stover E, Weinberger DR, Zalcman S, Marder 
SR. Approaching a consensus cognitive battery for clinical trials in schizophrenia: the NIMH-

Sathyasaikumar et al. Page 14

Neuroscience. Author manuscript; available in PMC 2018 February 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MATRICS conference to select cognitive domains and test criteria. Biological psychiatry. 2004; 
56:301–307. [PubMed: 15336511] 

Guidetti P, Amori L, Sapko MT, Okuno E, Schwarcz R. Mitochondrial aspartate aminotransferase: a 
third kynurenate-producing enzyme in the mammalian brain. J Neurochem. 2007a; 102:103–111. 
[PubMed: 17442055] 

Guidetti P, Eastman CL, Schwarcz R. Metabolism of [5-3H]kynurenine in the rat brain in vivo: 
evidence for the existence of a functional kynurenine pathway. J Neurochem. 1995; 65:2621–2632. 
[PubMed: 7595559] 

Guidetti P, Hoffman GE, Melendez-Ferro M, Albuquerque EX, Schwarcz R. Astrocytic localization of 
kynurenine aminotransferase II in the rat brain visualized by immunocytochemistry. Glia. 2007b; 
55:78–92. [PubMed: 17024659] 

Guidetti P, Okuno E, Schwarcz R. Characterization of rat brain kynurenine aminotransferases I and II. 
Journal of neuroscience research. 1997; 50:457–465. [PubMed: 9364331] 

Han Q, Cai T, Tagle DA, Li J. Thermal stability, pH dependence and inhibition of four murine 
kynurenine aminotransferases. BMC biochemistry. 2010; 11:19. [PubMed: 20482848] 

Han Q, Cai T, Tagle DA, Robinson H, Li J. Substrate specificity and structure of human aminoadipate 
aminotransferase/kynurenine aminotransferase II. Bioscience reports. 2008; 28:205–215. 
[PubMed: 18620547] 

Han Q, Li J, Li J. pH dependence, substrate specificity and inhibition of human kynurenine 
aminotransferase I. European journal of biochemistry. 2004; 271:4804–4814. [PubMed: 
15606768] 

Haruki H, Hovius R, Pedersen MG, Johnsson K. Tetrahydrobiopterin biosynthesis as a potential target 
of the kynurenine pathway metabolite xanthurenic acid. J Biol Chem. 2016; 291:652–657. 
[PubMed: 26565027] 

Lepkovsky S, Roboz E, Haagen-Smit AJ. Xanthurenic acid and its role in the tryptophan metabolism 
in pyridoxine-deficient rats. J Biol Chem. 1943; 149:195–201.

Li ML, Hu XQ, Li F, Gao WJ. Perspectives on the mGluR2/3 agonists as a therapeutic target for 
schizophrenia: Still promising or a dead end? Progress in neuropsychopharmacology & biological 
psychiatry. 2015; 60:66–76.

Lima VL, Dias F, Nunes RD, Pereira LO, Santos TS, Chiarini LB, Ramos TD, Silva-Mendes BJ, 
Perales J, Valente RH, Oliveira PL. The antioxidant role of xanthurenic acid in the Aedes aegypti 
midgut during digestion of a blood meal. PloS one. 2012; 7:e38349. [PubMed: 22701629] 

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein measurement with the Folin phenol reagent. 
J Biol Chem. 1951; 193:265–275. [PubMed: 14907713] 

Maier N, Draguhn A, Schmitz D, Schmitz M. Fast network oscillations in the hippocampus. e-
Neuroforum. 2013; 4:1–10.

Malina H, Richter C, Frueh B, Hess OM. Lens epithelial cell apoptosis and intracellular Ca2+ increase 
in the presence of xanthurenic acid. BMC ophthalmology. 2002; 2:1. [PubMed: 11934353] 

Moroni F, Cozzi A, Sili M, Mannaioni G. Kynurenic acid: a metabolite with multiple actions and 
multiple targets in brain and periphery. Journal of neural transmission. 2012; 119:133–139. 
[PubMed: 22215208] 

Murakami K, Ito M, Yoshino M. Xanthurenic acid inhibits metal ion-induced lipid peroxidation and 
protects NADP-isocitrate dehydrogenase from oxidative inactivation. Journal of nutritional science 
and vitaminology. 2001; 47:306–310. [PubMed: 11767212] 

Musajo L. L’acido xanthurenico. Rend Accad Nazl Lincei. 1935; 21:368–371.

Neale SA, Copeland CS, Salt TE. Effect of VGLUT inhibitors on glutamatergic synaptic transmission 
in the rodent hippocampus and prefrontal cortex. Neurochemistry international. 2014; 73:159–165. 
[PubMed: 24121008] 

Neale SA, Copeland CS, Uebele VN, Thomson FJ, Salt TE. Modulation of hippocampal synaptic 
transmission by the kynurenine pathway member xanthurenic acid and other VGLUT inhibitors. 
Neuropsychopharmacology. 2013; 38:1060–1067. [PubMed: 23303071] 

Okech B, Arai M, Matsuoka H. The effects of blood feeding and exogenous supply of tryptophan on 
the quantities of xanthurenic acid in the salivary glands of Anopheles stephensi (Diptera: 
Culicidae). Biochem Biophys Res Commun. 2006; 341:1113–1118. [PubMed: 16469295] 

Sathyasaikumar et al. Page 15

Neuroscience. Author manuscript; available in PMC 2018 February 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Okuda S, Nishiyama N, Saito H, Katsuki H. Hydrogen peroxide-mediated neuronal cell death induced 
by an endogenous neurotoxin, 3-hydroxykynurenine. Proc Natl Acad Sci U S A. 1996; 93:12553–
12558. [PubMed: 8901620] 

Okuda S, Nishiyama N, Saito H, Katsuki H. 3-Hydroxykynurenine, an endogenous oxidative stress 
generator, causes neuronal cell death with apoptotic features and region selectivity. J Neurochem. 
1998; 70:299–307. [PubMed: 9422375] 

Okuno E, Nakamura M, Schwarcz R. Two kynurenine aminotransferases in human brain. Brain 
research. 1991a; 542:307–312. [PubMed: 2029638] 

Okuno E, Schmidt W, Parks DA, Nakamura M, Schwarcz R. Measurement of rat brain kynurenine 
aminotransferase at physiological kynurenine concentrations. J Neurochem. 1991b; 57:533–540. 
[PubMed: 2072101] 

Oni-Orisan A, Kristiansen LV, Haroutunian V, Meador-Woodruff JH, McCullumsmith RE. Altered 
vesicular glutamate transporter expression in the anterior cingulate cortex in schizophrenia. 
Biological psychiatry. 2008; 63:766–775. [PubMed: 18155679] 

Oxenkrug GF. Increased Plasma Levels of Xanthurenic and Kynurenic Acids in Type 2 Diabetes. 
Molecular neurobiology. 2015; 52:805–810. [PubMed: 26055228] 

Pinto JT, Krasnikov BF, Alcutt S, Jones ME, Dorai T, Villar MT, Artigues A, Li J, Cooper AJ. 
Kynurenine aminotransferase III and glutamine transaminase L are identical enzymes that have 
cysteine S-conjugate beta-lyase activity and can transaminate L-selenomethionine. J Biol Chem. 
2014; 289:30950–30961. [PubMed: 25231977] 

Plitman E, Iwata Y, Caravaggio F, Nakajima S, Chung JK, Gerretsen P, Kim J, Takeuchi H, 
Chakravarty MM, Remington G, Graff-Guerrero A. Kynurenic Acid in Schizophrenia: A 
Systematic Review and Meta-analysis. Schizophrenia bulletin. 2017

Roussel G, Bessede A, Klein C, Maitre M, Mensah-Nyagan AG. Xanthurenic acid is localized in 
neurons in the central nervous system. Neuroscience. 2016; 329:226–238. [PubMed: 27167083] 

Santamaria A, Galvan-Arzate S, Lisy V, Ali SF, Duhart HM, Osorio-Rico L, Rios C, St’astny F. 
Quinolinic acid induces oxidative stress in rat brain synaptosomes. Neuroreport. 2001; 12:871–
874. [PubMed: 11277599] 

Sathyasaikumar KV, Severson P, West BL, Schwarcz R. Elimination of microglia in adult mouse 
forebrain does not alter kynurenine 3-monooxygenase. Society of Neuroscience. 2016 Abstract 
37.19. 

Schwarcz R, Bruno JP, Muchowski PJ, Wu HQ. Kynurenines in the mammalian brain: when 
physiology meets pathology. Nat Rev Neurosci. 2012; 13:465–477. [PubMed: 22678511] 

Schwarcz R, Whetsell WO Jr, Mangano RM. Quinolinic acid: an endogenous metabolite that produces 
axon-sparing lesions in rat brain. Science. 1983; 219:316–318. [PubMed: 6849138] 

Sodhi MS, Simmons M, McCullumsmith R, Haroutunian V, Meador-Woodruff JH. Glutamatergic gene 
expression is specifically reduced in thalamocortical projecting relay neurons in schizophrenia. 
Biological psychiatry. 2011; 70:646–654. [PubMed: 21549355] 

Speciale C, Schwarcz R. Uptake of kynurenine into rat brain slices. J Neurochem. 1990; 54:156–163. 
[PubMed: 2293608] 

Stone TW, Darlington LG. Endogenous kynurenines as targets for drug discovery and development. 
Nat Rev Drug Discov. 2002; 1:609–620. [PubMed: 12402501] 

Stone TW, Mackay GM, Forrest CM, Clark CJ, Darlington LG. Tryptophan metabolites and brain 
disorders. Clinical chemistry and laboratory medicine. 2003; 41:852–859. [PubMed: 12940508] 

Stone TW, Perkins MN. Quinolinic acid: a potent endogenous excitant at amino acid receptors in CNS. 
European journal of pharmacology. 1981; 72:411–412. [PubMed: 6268428] 

Stone TW, Stoy N, Darlington LG. An expanding range of targets for kynurenine metabolites of 
tryptophan. Trends Pharmacol Sci. 2013; 34:136–143. [PubMed: 23123095] 

Taleb O, Maammar M, Brumaru D, Bourguignon JJ, Schmitt M, Klein C, Kemmel V, Maitre M, 
Mensah-Nyagan AG. Xanthurenic acid binds to neuronal G-protein-coupled receptors that 
secondarily activate cationic channels in the cell line NCB-20. PloS one. 2012; 7:e48553. 
[PubMed: 23139790] 

Sathyasaikumar et al. Page 16

Neuroscience. Author manuscript; available in PMC 2018 February 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Tobes MC, Mason M. Alpha-Aminoadipate aminotransferase and kynurenine aminotransferase. 
Purification, characterization, and further evidence for identity. J Biol Chem. 1977; 252:4591–
4599. [PubMed: 873907] 

Uhlhaas PJ, Singer W. Abnormal neural oscillations and synchrony in schizophrenia. Nat Rev 
Neurosci. 2010; 11:100–113. [PubMed: 20087360] 

Uwai Y, Honjo E. Transport of xanthurenic acid by rat/human organic anion transporters OAT1 and 
OAT3. Bioscience, biotechnology, and biochemistry. 2013; 77:1517–1521.

Uwai Y, Honjo H, Iwamoto K. Interaction and transport of kynurenic acid via human organic anion 
transporters hOAT 1 and hOAT3. Pharmacological research. 2012; 65:254–260. [PubMed: 
22108572] 

Wu HQ, Ungerstedt U, Schwarcz R. Regulation of kynurenic acid synthesis studied by microdialysis in 
the dorsal hippocampus of unanesthetized rats. European journal of pharmacology. 1992; 
213:375–380. [PubMed: 1535598] 

Yu P, Di Prospero NA, Sapko MT, Cai T, Chen A, Melendez-Ferro M, Du F, Whetsell WO Jr, Guidetti 
P, Schwarcz R, Tagle DA. Biochemical and phenotypic abnormalities in kynurenine 
aminotransferase II-deficient mice. Molecular and cellular biology. 2004; 24:6919–6930. 
[PubMed: 15282294] 

Sathyasaikumar et al. Page 17

Neuroscience. Author manuscript; available in PMC 2018 February 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



HIGHLIGHTS

– The neosynthesis of xanthurenic acid (XA) from 3-hydroxykynurenine (3-

HK) was examined in mice, rats and humans,

– In all 3 species, XA formation from 3-HK was traced to a major role of 

kynurenine aminotransferase II (KAT II).

– In slices from rat hippocampus, both 3-HK and XA reduced the slopes of 

dentate gyrus field EPSPs.

– Endogenous XA, newly formed from 3-HK, may play a physiological role in 

attentional and cognitive processes.
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Figure 1. 
Schematic diagram of the KP pathway illustrating the enzymatic conversion of 3-HK to XA 

(box).
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Figure 2. 
Chromatographic profiles demonstrating XA production from DL-3-HK. (A) XA in rat 

cortical tissue homogenate incubated in the presence of 10 μM DL-3-HK for 2 h at 37°C; 

(B) Blank obtained using 1 mM of AOAA in the incubation medium; the arrow points to the 

retention time of XA; (C) XA peak following spiking of the supernatant of (A) with a 

known amount of XA (1.25 pmoles) (see text for experimental details).
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Figure 3. 
(A) Concentration-dependency of XA production from DL-3-HK in rat cortical tissue 

homogenate under standard incubation conditions (see Methods for experimental details); 

(B) Temperature dependency of XA production from DL-3-HK in rat cortical tissue 

homogenate. Data are the mean ± SEM of 3–5 rats; (C) Regional distribution of XA 

production in rat brain tissue homogenate. Data are the mean ± SEM of 5–7 rats; (D) Effect 

of neuronal depletion on the production of XA from DL-3-HK in the rat striatum. Animals 

received injections of PBS (1 μl) or QUIN (300 nmoles/1 μl and were euthanized 7 days 

later. XA production and glutamate decarboxylase (GAD) activity were determined in the 

same tissue homogenates. Data are the mean ± SEM (6 rats per group). ***p< 0.001 vs. 

control (Student’s t-test).
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Figure 4. 
(A) Effect of AOAA (1 mM), BFF-122 (100 μM) and L-±AA (1 mM) on XA production and 

liberation from rat cortical slices exposed to 100 μM DL-3-HK at 37°C for 2 h. Data (mean 

± SEM) are expressed as a percentage of control (9.3 ± 1.2 pmoles XA/h/mg protein) of five 

separate experiments; (B) Effect of Na+, K+, veratridine, and glucose deprivation on XA 

production and liberation from cortical slices exposed to 100 μM DL-3-HK at 37°C for 2 h. 

Data (mean ± SEM) are presented as a percentage of standard KRB controls (Na+, glucose: 

8.2 ± 0.6; K+, veratridine: 7.0 ± 1.0 pmoles XA/h/mg protein) of 5–10 separate experiments; 

(C) Effect of co-substrates pyruvate (5 mM) and ±-KG (5 mM) on XA production and 

liberation from cortical slices exposed to 100 μM DL-3-HK at 37°C for 2 h. Data (mean ± 

SEM) are expressed as a percentage of control (4.6 ± 0.4 pmoles XA/h/mg protein) of 5 

separate experiments. **p< 0.01, ***p< 0.001 vs. control (Student’s t-test).
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Figure 5. 
Effect of reverse dialysis of DL-3-HK (10 μM) (bar) on extracellular XA levels in the rat 

striatum. Data were obtained from 4 rats and are the mean ± SEM.
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Figure 6. 
Effect of DL-3-HK and XA in hippocampal dentate gyrus. Bars show mean percentage 

reductions (± SEM) from control values of fEPSP slope following bath administration of 3-

HK or XA. Note that the effect of 3-HK was substantially attenuated in the presence of 

AOAA. **p< 0.01, ***p< 0.001 vs. control, +++p<0.001 between DL-3-HK and DL-3-HK + 

AOAA (Tukey’s multiple comparison test).
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Figure 7. 
Effect of DL-3-HK and XA on hippocampal gamma-frequency oscillations. The figure 

illustrates a single continuous recording where both 3-HK and XA were separately applied 

at different time points. A: continuous sonogram of signal power up to 100 Hz, showing the 

application of either DL-3-HK or XA (bars above the sonogram). The highest power in the 

sonogram is represented in yellow, the lowest in black (sonogram calibration is seen in C); 

B: Voltage recordings taken at different time points (indicated by the arrows); C: Power 

spectra computed from data recorded for 1 min at different times during the recording 

(indicated by the arrows in A/B). Note that both 3-HK and XA evoked reductions in power 

are in the gamma-frequency range.
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Figure 8. 
Effect of DL-3-HK and XA on hippocampal gamma-frequency power. Bars show mean 

percentage reductions (± SEM) from control values of power following bath administration 

of either DL-3-HK or XA. *p< 0.05, vs. control (Tukey’s multiple comparison test).
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Table 1

Role of KAT II in the de novo formation of XA from 3-HK in rats, mice and humans

Pharmalogical Inhibition Inhibitors XA (% Inhibition) KYNA (% Inhibition)

Rat Brain
Glutamine (10 mM) 25.2 ± 2.0 25.3 ± 1.2

BFF-122 (100 μM) 84.5 ± 1.8 82.8 ± 0.8

Human Brain
Glutamine (10 mM) 21.9 ± 1.7 17.6 ± 1.9

BFF-122 (100 μM) 74.2 ± 3.8 50.0 ± 5.2

Human Recombinant KAT II Protein BFF-122 (100 μM) 94.1 ± 3.0 not done

Genetic Inhibition XA (% Elimination)

KAT II Knockout Mouse Liver 99.0 ± 0.1 not done

See text for experimental details. Data are the mean ± SEM of 3–6 experiments.

Absolute control values: Rat brain: XA: 1.1 ± 0.05, KYNA: 3.4 ± 0.2 pmoles/h/mg tissue; Human brain: XA: 0.6 ± 0.09, KYNA: 2.0 ± 0.3 
pmoles/h/mg tissue; Human recombinant KAT II protein: XA: 86.8 ± 8.7 nmoles/h/mg protein; KAT II mouse liver: XA: 2.6 nmoles/h/mg tissue.
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