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tryptophan metabolism.
\_

(Bacl(ground: Kynurenine 3-monooxygenase (KMO) is hypothesized to play a pivotal role in regulating tryptophan metab-

Results: Mice that were generated lacking KMO have alterations in the levels of several tryptophan metabolites.
Conclusion: KMO is a critical regulator of tryptophan metabolism.
Significance: KMO knock-out mice will be a useful research tool to dissect the biological and pathophysiological roles of

N

J

Kynurenine 3-monooxygenase (KMO), a pivotal enzyme in
the kynurenine pathway (KP) of tryptophan degradation, has
been suggested to play a major role in physiological and patho-
logical events involving bioactive KP metabolites. To explore
this role in greater detail, we generated mice with a targeted
genetic disruption of Ko and present here the first biochemical
and neurochemical characterization of these mutant animals.
Kmo™'~ mice lacked KMO activity but showed no obvious
abnormalities in the activity of four additional KP enzymes
tested. As expected, Kmo~'~ mice showed substantial reduc-
tions in the levels of its enzymatic product, 3-hydroxykynure-
nine, in liver, brain, and plasma. Compared with wild-type ani-
mals, the levels of the downstream metabolite quinolinic acid
were also greatly decreased in liver and plasma of the mutant
mice but surprisingly were only slightly reduced (by ~20%) in
the brain. The levels of three other KP metabolites: kynurenine,
kynurenic acid, and anthranilic acid, were substantially, but dif-
ferentially, elevated in the liver, brain, and plasma of Kmo™'~
mice, whereas the liver and brain content of the major end prod-
uct of the enzymatic cascade, NAD™, did not differ between
Kmo ™'~ and wild-type animals. When assessed by i vivo micro-
dialysis, extracellular kynurenic acid levels were found to be sig-
nificantly elevated in the brains of Kmo~/~
together, these results provide further evidence that KMO plays
a key regulatory role in the KP and indicate that Ko/~ mice
will be useful for studying tissue-specific functions of individual
KP metabolites in health and disease.

mice. Taken
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Under physiological conditions, the kynurenine pathway
(KP)? is responsible for >95% of tryptophan degradation in
mammals, ultimately leading to the formation of NAD™ (1, 2).
Located in a pivotal position in the KP, kynurenine 3-monooxy-
genase (KMO) is a FAD-dependent enzyme that catalyzes the
3-hydroxylation of L-kynurenine (“kynurenine”) in the pres-
ence of NADPH and molecular oxygen. KMO localizes to the
outer membrane of mitochondria and is highly expressed in
peripheral tissues, including liver and kidney, and in phagocytes
such as macrophages and monocytes (3, 4). In the central nerv-
ous system, KMO is expressed predominantly in microglial
cells (5, 6). Notably, cytokines stimulate KMO activity both in
the periphery and in the brain when the immune system is
activated (7, 8).

Because of its central location in the metabolic cascade,
KMO controls the synthesis of several bioactive KP metabo-
lites, including 3-hydroxykynurenine (3-HK), quinolinic acid
(QUIN), and kynurenic acid (KYNA), as well as anthranilic acid
(Fig. 1). Kynurenine, the substrate of KMO, itself promotes
tumor formation (9), regulates vascular tone, and generates
regulatory T cells by activating the aryl hydrocarbon receptor
and/or adenylate and guanylate cyclase pathways (10-13).
3-HK, the primary enzymatic product of KMO, is a potent free
radical generator that can trigger neuronal apoptosis (14-16).
Similar features have been described for the next KP metabolite
in the major branch of the pathway, 3-hydroxyanthranilic acid
(17). Its downstream product, QUIN, can also generate reactive
free radicals (18), but is best known for its ability to produce
excitotoxic lesions in the central nervous system by activating

3 The abbreviations used are: KP, kynurenine pathway; 3-HAO, 3-hydroxyan-
thranilic acid dioxygenase; 3-HK, 3-hydroxykynurenine; KAT II, kynurenine
aminotransferase Il; KMO, kynurenine 3-monooxygenase; KYNA, kynurenic
acid; QPRT, quinolinic acid phosphoribosyltransferase; QUIN, quinolinic
acid.
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FIGURE 1. Major metabolites of the kynurenine pathway of tryptophan
degradation. KMO, located in a pivotal position of the pathway, is responsi-
ble for the conversion of kynurenine to neurotoxic metabolites (such as 3-hy-
droxykynurenine and quinolinic acid) in the main branch of the enzymatic
cascade. However, kynurenine can also be enzymatically converted to
anthranilic acid or to the neuroprotective metabolite kynurenic acid. The kyn-
urenine pathway normally accounts for >95% of tryptophan metabolism in
mammals.

the NMDA subtype of glutamate receptors (1, 19, 20) and as a
bioprecursor of the ubiquitous coenzyme NAD™.

Selective pharmacological inhibition of KMO leads to the
increased formation of kynurenic acid (KYNA) in a dead end
side arm of the KP (Fig. 1). At physiological concentrations, this
metabolite has several biological targets, acting as an antagonist
of the a7 nicotinic acetylcholine receptor and the glycine co-
agonist site of the NMDA receptor (21, 22) and as an agonist of
the G protein-coupled receptor GPR35 (23) and the aryl hydro-
carbon receptor (24). Together with its capacity to scavenge
free radicals (25), these actions account for the neuromodula-
tory and neuroprotective properties of KYNA (20, 26, 27) and
for its ability to affect cytokine expression and function (24, 28).

KMO inhibition is increasingly recognized as a useful exper-
imental approach to unravel the characteristics of KP metabo-
lism in brain and periphery. This, as well as the realization that
KP manipulation by specific KMO inhibitors may have thera-
peutic utility in human maladies ranging from neurodegenera-
tive disorders and major depression to immunological diseases
and cancer (1, 20, 29-32), has not only prompted the develop-
ment of several potent enzyme inhibitors (33—36) but recently
also led to the first reported crystal structure of KMO (37).
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To expand the experimental armamentarium for the study of
KP biology in mammals, we produced mice with a targeted
deletion of the KMO gene. We describe here the generation of
Kmo~'~ mice and present an analysis of KP metabolites and
enzymes in brain, liver, and plasma of these animals. Our study
revealed novel characteristics of mammalian KP metabolism,
indicating that the newly generated mutant mice will serve as a
useful research tool for dissecting the proposed roles of bioac-
tive metabolites in physiology and pathology.

EXPERIMENTAL PROCEDURES

Generation of Kmo™’~ Mice—The Kmo conditional target-

ing construct was generated using the 4517D vector, kindly
provided by Dr. Richard Palmiter (University of Washington).
This vector contains a Pgk:neomycin resistance (NeoR) cassette
for positive selection, which is flanked by FRT sites to allow FLP
recombinase-mediated excision following selection of homol-
ogous recombinants (38). The vector also contains a 5’ diph-
theria toxin cassette and a 3" HSV:thymidine kinase cassette,
both for negative selection. The targeting construct was
designed such that exon 5 of Ko is flanked by loxP sites and is
thus targeted for deletion. A C57Bl/6] genomic DNA fragment
containing the entire Kmo genomic region was obtained in the
pBACe3.6 Bacterial Artificial Chromosome (BAC) vector
(BACPAC Resource Center, Children’s Hospital Oakland
Research Institute, Oakland, CA). The right arm of the target-
ing vector was derived from a 5.7-kb Apal fragment from the
Kmo BAC that was shotgun cloned into the pKS-Bluescript
plasmid (Stratagene, Santa Clara, CA). A 1.9-kb KpnlI-Pacl frag-
ment from this construct was further subcloned into the Pmel
site of 4517D downstream of the NeoR cassette, generating the
4517D (1.9-kb KpnI-Pacl) construct. The left arm of the con-
struct was derived from a 5.2-kb Kpnl fragment from the above
BAC, which was shotgun cloned into pKS-Bluescript. A dou-
ble-stranded oligonucleotide encoding both a loxP site and a
Hpal site was cloned into the Stul site of this 5.2-kb Kpnl frag-
ment, thereby generating a Hpal site and destroying the Stul
site. The 5.2-kb Kpnl loxP fragment was cloned into the 4517D
(1.9-kb KpnI-Pacl) construct upstream of the NeoR cassette
using Acc651 (a neoschizomer of Kpnl), yielding the final tar-
geting construct.

The Kmo targeting construct was linearized at the 5’ end
with Notl and electroporated into a mouse ES cell line, derived
from the C57Bl/6] strain of mice. NeoR-positive ES cell clones
were selected, and 96 were screened by PCR for correct integra-
tion on the 3’ end of the clone. Of the clones, 28 of 96 were
positive, and they were screened by Southern blotting using a
probe external to the targeting construct to confirm correct
integration of both ends of the construct, yielding seven posi-
tive clones. Positive clones were injected into CBA inbred
strain-derived murine blastocysts to produce chimeric found-
ers, which were identified by coat color and mated to C57Bl/6]
wild-type breeders to confirm germ line transmission, which
was ascertained by coat color and PCR genotyping of the NeoR
cassette. This founder line was then bred to mice carrying FLP-
recombinase (39) to excise the NeoR cassette. This transgenic
line of mice was designated as Kmo/**(©/>NeoRA and bred to
B-actin Cre-C57Bl/6] (40) mice to generate KMO knock-out
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mice (Kmo~'~), which were subsequently backcrossed to the
FVB/N background for at least six generations, using the Speed
Congenics Service (The Jackson Laboratory) to identify the
optimal breeders.

Detection of KMO by Immunoblotting—Mice were perfused
with 0.9% NacCl, and the right hemi-brain was fixed with 4%
paraformaldehyde (prechilled to 4°C) for 48 h and then
reduced to 2% paraformaldehyde for storage at 4 °C. One hemi-
brain, as well as a portion of the liver, was snap frozen after
saline perfusion and stored at —80 °C until use. The tissues
were then defrosted on ice and homogenized with 400 ul of
ice-cold radioimmunoprecipitation assay buffer (150 mm NaCl,
1% Igepal CA-630, 0.5% deoxycholate, 0.1% SDS, 50 mm Tris-
HCI, pH 8.0, 1 mM -mercaptoethanol and proteinase inhibitor
mixture tablet) in a prechilled 1.5-ml microcentrifuge tube with
a matching pestle until no visible tissue chunks remained. Two
hundred ml of ice-cold radioimmunoprecipitation assay buffer
were then added to the homogenate. After rehomogenization
(30 s), the samples were kept on ice for 30 min and then centri-
fuged (>11,000 X g) for 90 min at 4 °C. The supernatants were
collected in aliquots and stored at —80 °C for future use. Pro-
tein concentration was determined using the Bradford assay
(Bio-Rad). Samples containing 25 and 100 ug of total liver and
brain protein, respectively, were mixed with 8% SDS loading
buffer and kept at room temperature for 5-10 min. Samples
were then loaded on a 12% Tris-HEPES protein polyacrylamide
gel and run at 100 V for ~55 min. After separation, the protein
was transferred to a nitrocellulose membrane, which was
blocked with 5% nonfat milk in 0.1% TBST (1X TBS plus 0.1%
Tween 20). The membrane was probed with KMO antibody
(CHDI-90000271; 21 Century Biochemicals; 1:1,000 for brain,
1:5,000 for liver), and HRP-conjugated anti-rabbit secondary
antibody (1:5,000). Protein was detected by chemilumines-
cence (ECL kit; GE Healthcare) according to the manufactur-
er’s instructions.

Chemicals—NADPH (tetrasodium salt) was purchased from
Axxora (San Diego, CA). L-Tryptophan, 3-pL-HK, QUIN,
KYNA, anthranilic acid, [*’Hg]L-kynurenine, pentafluoropropi-
onic anhydride, and 2,2,3,3,3-pentafluoro-1-propanol were
obtained from Sigma-Aldrich. Ro 61-8048 was a generous gift
from Dr. W. Frostl (Novartis, Basel, Switzerland). L-Kynurenine
sulfate (“kynurenine”; purity, 99.4%) was obtained from Sai
Advantium (Hyderabad, India). 4-Chloro-3-hydroxyanthra-
nilic acid was kindly provided by Drs. W. P. Todd and B. K.
Carpenter (Department of Chemistry, Cornell University,
Ithaca, NY). [*H,]QUIN was purchased from Synfine Research
(Richmond Hill, Canada), and [*H;]L-tryptophan was obtained
from CDN Isotopes (Pointe-Claire, Canada). [1-'*C]3-Hy-
droxyanthranilic acid (6 mCi/mmol) was obtained from
PerkinElmer Life Sciences, and [?’H]QUIN (27 Ci/mmol) was
custom-synthesized by Amersham Biosciences. All other fine
biochemicals and chemicals were purchased from various com-
mercial suppliers and were of the highest available purity.

Enzyme Activities and Metabolite Analyses—Animals were
killed by cervical dislocation. Trunk blood was collected in
EDTA-containing tubes, and red blood cells were rapidly
removed by centrifugation (10,000 X g; microcentrifuge). The
supernatant plasma was collected and stored at —80 °C until
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analysis. Brain (cerebral cortex) and liver tissues were rapidly
dissected out, frozen on dry ice, and stored at —80 °C. Enzyme
activities and metabolites were analyzed separately (n = 5-9/
group). For enzyme assays, tissues were thawed out, homoge-
nized 1:5 (w/v) in ultrapure water, and processed as detailed
below.

Kynurenine 3-Monooxygenase (KMO; EC 1.14.13.9)—The
original tissue homogenate was diluted 1:5 (brain) or 1:6,000
(liver) (v/v) in 100 mm Tris-HCI buffer (pH 8.1) containing 10
mMm KCI and 1 mm EDTA. Eighty ul of the preparation were
incubated for 40 min at 37 °C in a solution containing 1 mm
NADPH, 3 mMm glucose-6-phosphate, 1 unit/ml glucose-6 phos-
phate dehydrogenase, 100 um kynurenine, 100 mm Tris-HCl
buffer (pH 8.1), 10 mm KCI, and 1 mm EDTA, in a total volume
of 200 wl. The reaction was stopped by the addition of 50 ul of
6% perchloric acid. Blanks were obtained by adding the KMO
inhibitor Ro 61-804:8 (100 uMm) to the incubation solution. After
centrifugation (16,000 X g; 15 min), 20 ul of the supernatant
were applied to a 3-um HPLC column (HR-80; 80 mm X 4.6
mm; ESA, Chelmsford, MA), using a mobile phase consisting of
1.5% acetonitrile, 0.9% triethylamine, 0.59% phosphoric acid,
0.27 mm EDTA, and 8.9 mMm sodium heptane sulfonic acid, and
a flow rate of 0.5 ml/min. In the eluate, the reaction product,
3-HK, was detected electrochemically usinga HTEC 500 detec-
tor (Eicom Corp., San Diego, CA; oxidation potential: +0.5 V)
(41). The retention time of 3-HK was ~11 min.

Kynureninase (EC 3.7.1.3) Using 3-HK as the Substrate—The
original tissue homogenate was diluted 1:40 (brain) or 1:4,000
(liver) (v/v) in 5 mm Tris-HCl buffer (pH 8.4) containing 10 mm
2-mercaptoethanol and 50 uMm pyridoxal-5'-phosphate. 100 ul
of the preparation were then incubated for 2 h at 37°C in a
solution containing 90 mm Tris-HCI buffer (pH 8.4) and 4 um
pL-3-HK, in a total volume of 200 ul. The reaction was stopped
by the addition of 50 ul of 6% perchloric acid. To obtain blanks,
tissue homogenate was added at the end of the incubation, i.e.,
immediately prior to the denaturing acid. After removing the
precipitate by centrifugation (16,000 X g, 15 min), 25 ul of the
resulting supernatant were applied to a 5-um C, ; reverse phase
HPLC column (Adsorbosil; 150 X 4.6 mm; Grace, Deerfield, IL)
using a mobile phase containing 100 mMm sodium acetate (pH
5.8) and 1% acetonitrile at a flow rate of 1.0 ml/min. In the
eluate, the reaction product, 3-hydroxyanthranilic acid, was
detected fluorimetrically (excitation wavelength, 322 nm;
emission wavelength, 414 nm; S200 fluorescence detector;
PerkinElmer Life Sciences). The retention time of 3-hy-
droxyanthranilic acid was ~4 min.

Kynureninase (EC 3.7.1.3) Using Kynurenine as the Substrate—
Essentially identical incubation conditions were used to deter-
mine enzyme activity with kynurenine as the substrate. In this
case, the original tissue homogenate was either used undiluted
(brain) or diluted 1:400 (liver) (v/v) in the same 5 mm Tris-HCI
buffer described above, and 80 ul of the preparation were incu-
bated for 2 h in the presence of 6 uMm kynurenine. Following
termination of the reaction, 25 ul of the supernatant were sub-
jected to HPLC (as above), and the enzymatic product, anthra-
nilic acid, was detected fluorimetrically in the eluate (excitation
wavelength, 340 nm; emission wavelength, 410 nm; S200 fluo-
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rescence detector; PerkinElmer Life Sciences). The retention
time of anthranilic acid was ~7 min.

3-Hydroxyanthranilic Acid 3,4-Dioxygenase (3-HAO; EC
1.13.11.6)—The original tissue homogenate was diluted 1:5
(brain) or 1:2,000 (liver) (v/v) in 60 mm MES buffer (pH 6.0), and
100 pl of the tissue preparation were incubated for 1 h at 37 °C
in a solution containing 0.01% ascorbic acid, 153 um
(FeNH,),(SO,)s, and 3 pum (3.4 nCi) [1-'"*C]3-hydroxyanthra-
nilic acid in a total volume of 200 ul. The incubation was ter-
minated by the addition of 50 ul of 6% perchloric acid, and the
product (["*C]QUIN) was recovered by ion exchange chroma-
tography (Dowex 50, H" -form) and quantified by liquid scin-
tillation spectrometry (42). Blanks were obtained by including
the 3-HAO inhibitor 4-chloro-3-hydroxyanthranilic acid (100
uM) in the incubation solution.

Quinolinic Acid Phosphoribosyltransferase (QPRT; EC
2.4.2.19)—The original tissue homogenate was either used
undiluted (brain) or diluted 1:120 (liver) (v/v). Forty ul of the
preparation were incubated for 2 h at 37 °C in a solution con-
taining 50 mm potassium phosphate buffer (pH 6.5), 1 mm
MgCl,, 1 mm phosphoribosylpyrophosphate, and 20 nm
[PH]QUIN (30 nCi) in a total volume of 0.5 ml. Blanks were
obtained by including the QPRT inhibitor phthalic acid (500
M) in the incubation solution. The reaction was terminated by
placing the tubes on ice, and particulate matter was separated
by centrifugation (16,000 X g, 10 min). Newly formed [*H]ni-
cotinic acid mononucleotide was recovered from a Dowex AG
1 X 8 anion exchange column and quantified by liquid scintil-
lation spectrometry (43).

Kynurenine Aminotransferase II (KAT II; EC 2.6.1.7)—The
original tissue homogenate was diluted 1:2 (brain) or 1:100
(liver) (v/v) in 5 mm Tris acetate buffer (pH 8.0) containing 10
mM 2-mercaptoethanol and 50 uM pyridoxal-5'-phosphate.
Eighty ul of the preparation were incubated for 2h at 37 °Cina
solution containing 150 mm Tris acetate buffer (pH 7.4), 100 um
kynurenine, 1 mm pyruvate, and 80 um pyridoxal-5'-phosphate
in a total volume of 200 ul. Blanks were obtained by adding
aminooxyacetic acid (1 mm) to the incubation solution. The
reaction was terminated by the addition of 20 ul of 50% (w/v)
trichloroacetic acid and 1 ml of 0.1 N HCl, and the precipitated
proteins were removed by centrifugation (16,000 X g, 10 min).
After diluting the resulting supernatant with ultrapure water
(brain, 1:10; liver, 1:100), 20 ul of the supernatant were applied
to a 3-um C,, reverse phase column (HR-80; 80 X 4.6 mm;
ESA), and KYNA was isocratically eluted using a mobile phase
containing 250 mM zinc acetate, 50 mMm 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; PerkinElmer Life Sciences). The retention time of
KYNA under these conditions was ~7 min.

For the determination of KP metabolites, samples were
thawed and processed as follows.

KYNA—Plasma was diluted (1:10, v/v), and tissues were
homogenized (brain, 1:5; liver, 1:50; w/v) in ultrapure water.
Twenty-five ul of 6% perchloric acid were added to 100 ul of the
samples. After thorough mixing, the precipitated proteins were
removed by centrifugation (16,000 X g, 15 min). Twenty ul of
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the resulting supernatant were subjected to HPLC analysis, and
KYNA was assessed as described above (see “Kynurenine Ami-
notransferase II”).

3-HK—Plasma was diluted (1:2, v/v), and tissues (brain or
liver) were homogenized (1:5, w/v) in ultrapure water. Twenty-
five ul of 6% perchloric acid were added to 100 ul of the sam-
ples. After thorough mixing, the precipitated proteins were
removed by centrifugation (16,000 X g, 15 min). Twenty ul of
the resulting supernatant were subjected to HPLC analysis, and
3-HK was assessed as described above (see “Kynurenine
3-Monooxygenase”).

Anthranilic Acid—Anthranilic acid was measured according
to the method of Cannazza et al. (44). Plasma was diluted (1:10,
v/v), and tissues were homogenized (brain, 1:20; liver, 1:40; w/v)
in ultrapure water. Twenty-five ul of 6% perchloric acid were
added to 100 ul of the samples. After thorough mixing,
the precipitated proteins were removed by centrifugation
(16,000 X g, 15 min). Thirty ul of the resulting supernatant
were subjected to HPLC analysis. Anthranilic acid was isocrati-
cally eluted from a 5-um C, 4 reverse phase column (YMC-Pack
Pro C18; 250 X 4.6 mm; YMC) using a mobile phase containing
20 mM sodium acetate and 10% methanol (pH adjusted to 5.5
with glacial acetic acid) and was detected fluorimetrically (exci-
tation wavelength, 316 nm; emission wavelength, 420 nm; S200
fluorescence detector; PerkinElmer Life Sciences). The reten-
tion time of anthranilic acid was ~18 min.

Tryptophan, Kynurenine, and QUIN—Tryptophan, kynu-
renine, and QUIN levels in brain and liver, and QUIN in plasma,
were quantified by GC/MS. To this end, plasma was diluted
(1:10, v/v), and tissues were homogenized (1:20, w/v) in an
aqueous solution containing 0.1% ascorbic acid. Fifty ul of a
solution containing internal standards (500 nm [*Hg]L-trypto-
phan, 10 um [*Hg]i-kynurenine, and 50 nm [*H;]QUIN) were
added to 50 ul of the tissue preparation, and proteins were
precipitated with 50 wl of acetone. After centrifugation
(13,700 X g, 5 min), 50 pl of a methanol:chloroform mixture
(20:50, v/v) were added to the supernatant, and the samples
were centrifuged (13,700 X g, 10 min). The upper layer was
added to a glass tube and evaporated to dryness (90 min). The
samples were then reacted with 120 ul of 2,2,3,3,3-pentafluoro-
1-propanol and 130 ul of pentafluoropropionic anhydride at
75 °C for 30 min, dried down again, and taken up in 50 ul of
ethyl acetate. One ul was then injected into the GC. GC/MS
analysis was carried out with a 7890A GC coupled to a 7000
MS/MS (Agilent Technologies, Santa Clara, CA), using elec-
tron capture negative chemical ionization (45).

For kynurenine measurement in plasma, 50 ul of 6% perchlo-
ric acid were thoroughly mixed with 100 ul of plasma, and the
precipitated proteins were removed by centrifugation
(16,000 X g, 15 min). Twenty ul of the supernatant were applied
to a 3-um C,4 reverse phase column (HR-80; 80 X 4.6 mm;
ESA), and kynurenine 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. Kynu-
renine was detected fluorimetrically (excitation wavelength,
365 nm; emission wavelength, 480 nm; S200 fluorescence
detector, PerkinElmer Life Sciences). The retention time of
kynurenine under these conditions was ~6 min.
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NAD™—The levels of NAD™ were quantified using the
EnzyChrom™ NAD™/NADH assay kit according to manufac-
turer’s instructions. Briefly, 20 mg of tissue (brain or liver) were
washed with cold PBS and homogenized in 100 pl of NAD™
extraction buffer. The samples were then heated at 60 °C for 5
min, and 20 ul of the assay buffer and 100 ul of NADH extrac-
tion buffer were added, thoroughly mixed, and centrifuged
(16,000 X g, 5 min). The resulting supernatant was diluted 1:5
with ultrapure water. Forty ul of the diluted supernatant were
then mixed with 90 ul of the working reagent mixture and incu-
bated at room temperature for 15 min. The absorbance was
read both at time 0 and 15 min on a plate reader, with the
reference and measuring filters set at 450 and 570 nm,
respectively.

Microdialysis—The mice were anesthetized with chloral
hydrate (360 mg/kg, intraperitoneal) and mounted in a David
Kopf stereotaxic frame (Tujunga, CA). A guide cannula (outer
diameter, 0.65 mm) was positioned over the striatum (antero-
posterior, 0.5 mm anterior to bregma; lateral, 1.2 mm from
midline; and ventral, 1.1 mm below the skull) and secured to the
skull with an anchor screw and acrylic dental cement. A con-
centric microdialysis probe (membrane length, 1 mm; SciPro,
Sanborn, NY) was then inserted through the guide cannula. The
probe was connected to a microinfusion pump set to a speed of
1 wl/min and perfused with Ringer solution containing 144 mm
NaCl, 4.8 mm KCI, 1.2 mm MgSO,, 1.7 mm CaCl, (pH 6.7).
Samples were collected every 60 min for 8 h. The concentration
of KYNA was determined in the microdialysate as described
(46), and data are reported without correction for recovery
from the microdialysis probe.

Statistical Analyses—All data are expressed as the means *=
S.E. Statistical analysis was performed using Student’s ¢ test.
Asterisks indicate significance versus wild-type controls (*, p <
0.05; **, p < 0.01; ***, p < 0.001).

RESULTS

Generation and Validation of Kmo™"~ Mice—We employed
ES cell-based transgenesis to generate transgenic mice with a
targeted disruption of the Kmo gene. The Kmo targeting con-
struct was designed with exon 5 of the Kmo locus flanked by
loxP sites (Fig. 2A), such that Cre-mediated recombination is
predicted to delete exon 5 and generate a putative null allele—a
nonsense frameshift mutation with a premature stop in exon
7, which is expected to lead to nonsense-mediated degrada-
tion of the mutant mRNA. In combination with Cre recom-
binase, the Cre/loxP system allows for tissue-specific and
temporal deletion of a candidate DNA sequence. Homolo-
gous recombination in murine ES cells was used to generate
a putative conditional loxP allele of Kmo (Kmo/*©*%)) as
described (38). Correct targeting of the construct was con-
firmed by PCR and Southern hybridization (Fig. 2, B and C).

Mice carrying the (Kmo™*©*)) allele were hypomorphic for
KMO activity (data not shown), likely because of the presence of
the neomycin resistance cassette (NeoR) in intronic sequences
(38). A true Kmo conditional allele (Ko@) NeoRA wag gener-
ated by excision of the NeoR cassette, which is flanked by FRT
recombination sites (see “Experimental Procedures”). Mice carry-
ing the Kimo/™x@/>-NeoRA qllele were mated to transgenic mice
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FIGURE 2. Generation and characterization of Kmo knock-out mice. A,
schematic of the targeting construct (Kmo CKO), the wild-type Kmo genomic
locus, and the conditional allele of Kmo. Open arrows above loxP sites denote
orientation of sites. Crosses indicate sites of homologous recombination
between the arms of the targeting construct and the Kmo genomic locus. PCR
primers (FP2 and RP2) used for the identification of homologous integrants
are depicted as solid arrows above the Kmo* © allele. The Southern hybrid-
ization probe used for confirmation of homologous integrants is indicated
below the depiction of the Kmo™* ©* allele. B, screening of ES cell clone
genomic DNAs by PCR amplification. Positive DNAs using FP2 and RP2 prim-
ers produce amplification products of 1.9 kb. C, Hpal digest and Southern blot
of ES cells DNAs. The probe detects the presence of the 17.6-kb Hpal fragment
in wild-type C57BL/6 genomic DNA. Correctly targeted ES cell clones are
heterozygous for the conditional allele (clones 5 and 14 shown here) and
contain both a wild-type 17.6-kb Hpal fragment and a 6.6-kb Hpal fragment
indicative of a correctly targeted allele. D, detection of KMO by immunoblot-
ting in the brain and liver. Mice homozygous for the deletion allele (Kmo™/")
lack KMO.

expressing Cre recombinase ubiquitously under the B-actin pro-
moter to generate progeny lacking KMO systemically and
throughout all developmental stages (hereafter referred to as
Kmo ™'~ mice). We confirmed correct targeting of the Ko locus
by analysis of KMO protein levels in the brain and liver by immu-
noblotting, finding that Ko ~’~ mice did not express KMO pro-
tein in either the brain or the liver (Fig. 2D). Notably, elimination of
KMO activity in Kmo /™ mice did not cause embryonic lethality,
did not lead to overt phenotypic abnormalities during postnatal
development or in adulthood, and did not influence breeding or
normal Mendelian inheritance (data not shown).
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KP Enzymes and Metabolites in the Liver of Kmo™ '~ Mice—
We next determined KMO activity in the liver of ~2-month-
old mice and observed that enzyme activity was eliminated in
the Kmo '~ mice (Fig. 3A). This indicated that KMO is the sole
enzyme responsible for catalyzing the production of 3-HK from
kynurenine in the mouse liver. Aside from KMO, none of the
KP enzymes tested (KAT II, kynureninase (using either kynu-
renine or 3-HK as substrate), 3-HAO, and QPRT) displayed
significant changes in activity in Kmo~ '~ mice compared with
wild-type (Kmo™”") mice of the same age (Fig. 3, B-F). As
expected, KMO activity was ~50% of wild-type levels in brain
and liver tissues of Kmo™”™ mice (data not shown). A detailed
analysis of these mice will be presented elsewhere.*

The hepatic levels of tryptophan tended to be lower in
Kmo ™'~ mice than in Kmo ™" littermate controls, but the dif-
ference did not reach statistical significance (Fig. 44). In con-
trast, levels of kynurenine, the substrate of KMO, were signifi-
cantly increased (~5-fold) in Kmo '~ mice (Fig. 4B), whereas

4K V. Sathyasaikumar, F. M. Notarangelo, F. Giorgini, P. J. Muchowski, and R.
Schwarcz, unpublished observations.
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levels of the KMO product (3-HK) and its downstream metab-
olite (QUIN) were reduced to 42 and 3%, respectively, of wild-
type levels (Fig. 4, C and F). Thus, despite the elimination of
KMO, 3-HK was still detected in the liver of the mutant mice.
Hepatic NAD™ levels were slightly, but not significantly, lower
in Kimo~'~ compared with Kmo /" mice (Fig. 4G). In line with
the elevated kynurenine content, the levels of KYNA (the prod-
uct of the irreversible transamination of kynurenine by KAT)
and anthranilic acid (the product of kynureninase) were signif-
icantly increased (~69- and ~5-fold, respectively) in the liver of
Kmo™'~ mice (Fig. 4, D and E).

KP Metabolites in the Plasma of Kmo ™/~ Mice—Compared
with controls, the concentrations of kynurenine (~17-fold),
KYNA (~159-fold), and anthranilic acid (~4-fold) were sub-
stantially increased in the plasma of Kmo /= mice, whereas
3-HK and QUIN levels were greatly reduced (Fig. 5, A-E). Still,
as in the liver, considerable residual levels of 3-HK were
detected in the plasma of Kimo '~ mice (Fig. 5B).

KP Enzymes and Metabolites in the Brains of Kmo '~ Mice—
Similar to the liver, brain KMO activity was abolished in the
Kmo~ '~ mutants (Fig. 64), whereas none of the other KP
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enzyme activities (KAT II, kynureninase, 3-HAO, and QPRT)
differed between genotypes (Fig. 6, B—F). However, examina-
tion of KP metabolites in the brain revealed remarkable differ-
ences from the periphery. Thus, cerebral 3-HK levels in the
knock-out animals were very low (~10% of wild-type controls;
Fig. 7C), whereas QUIN levels were only slightly reduced (to
~80% of Kmo ™™ controls) (Fig. 7F). Moreover, although brain
KYNA levels were elevated (~12-fold) in Kmo '~ mice (Fig.
7D), this increase was far less pronounced than in the periphery
(cf. Figs. 4D and 5C). Similar to the results obtained in the liver,
the brain levels of tryptophan were modestly decreased in
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mice, the levels of kynurenine, KYNA, and anthranilic acid are significantly elevated in Kmo
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'~ “mice. C, the levels of 3-HK are
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+/+

Kmo ™'~ mice, kynurenine and anthranilic acid levels were sig-
nificantly elevated (~2- and ~3-fold, respectively; Fig. 7, A, B,
and E), and NAD™ levels were not significantly different from
Kmo™’* controls (Fig. 7G).

Extracellular Levels of KYNA in the Striatum of Kmo '~
Mice—We next performed in vivo microdialysis in the striatum
of awake, behaving mice to measure basal extracellular KYNA
in Kmo ™'~ mice. As shown in Fig. 8, which illustrates basal
levels averaged over an 8-h collection period, KYNA levels were
significantly increased (~6-fold) in the mutant animals com-
pared with wild-type controls.
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DISCUSSION

We describe here the generation and characterization of
Kmo~'~ mice, confirming that genetic disruption of the Kmo
locus is sufficient to eliminate KMO detection by immunoblot-
ting and to reduce enzymatic activity in brain and liver to unde-
tectable levels. Although 3-HK was still clearly measurable in
the mutant animals and our study therefore does not categori-
cally rule out the existence of functional KMO isoforms, this
indicates that a single KMO is largely responsible for the pro-
duction of 3-HK from kynurenine in mice. Moreover, none of
the other KP enzymes analyzed in liver and brain showed any
significant changes in adult Kmo ™'~ mice. The mutant mice
were viable and overtly healthy, demonstrating that the deleted
KMO was not essential for embryonic and postnatal survival.

Tryptophan levels were marginally reduced in the brain, but
not in the liver, of knock-out compared with wild-type mice,
suggesting that the elimination of KMO has only a small effect
on the activity of the upstream enzymes, indoleamine 2,3-di-
oxygenases and tryptophan 2,3-dioxygenase, which initiate
catabolism along the KP (Fig. 1). However, further analysis of
Kmo~'~ mice revealed several biochemical features that sup-
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port the idea that KMO normally plays a critical role in the
regulation of KP metabolism. Thus, the steady-state levels of
kynurenine, the substrate of KMO, were substantially increased
both in the periphery and in the brain of the mutant animals. It
is likely that this, in turn, accounted for the fact that the levels of
two primary degradation products of kynurenine, KYNA and
anthranilic acid, were also significantly elevated in Kmo '~
mice. Notably, these effects did not involve changes in the activ-
ities of KAT I and kynureninase, the enzymes that catalyze the
formation of KYNA and anthranilic acid, respectively, from
kynurenine (Fig. 1). Thus, the accumulation of KYNA and
anthranilic acid in Kmo~ '~ mice further suggests that KATs
and kynureninase are operating below saturation under physi-
ologic conditions.

Although the levels of 3-HK, the product of KMO, were sub-
stantially reduced in the liver, serum, and brain of Kmo™'~
mice, specific deletion of the enzyme did not totally eliminate
3-HK from either of the three tissues examined. The liver of
mutant animals, in particular, contained considerable residual
3-HK (Fig. 4C), and additional studies will be required to iden-
tify both its source and its possible functional significance.
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Interestingly, our study revealed substantial quantitative dif-
ferences in KP metabolism between the periphery and the brain
as a result of the KMO deletion. For example, the increase in
KYNA levels in Kmo '~ mice was far more pronounced in the
liver and even more so in the plasma, than in the brain,
whereas the increases in the levels of anthranilic acid in the
same animals were of comparable magnitude (~3-5-fold) in
periphery and brain. This phenomenon may be related to the
fact that in the brain KAT II is contained in astrocytes,
whereas KMO and kynureninase are localized in microglial
cells (5, 47). The cellular segregation of the two KP arms,
which does not exist in the periphery, may therefore prevent
the preferential conversion of kynurenine to KYNA in the
brain of Ko/~ mice.

The quantitatively similar increase in anthranilic acid levels
in brain and periphery of mutant mice probably accounted for
the fact that only a ~20% reduction in QUIN levels was
observed in the brain of Kmo '~ compared with wild-type
mice, whereas QUIN was practically eliminated in the liver and
plasma of the same animals (cf. Figs. 4, 5, and 7). Thus, in stark
contrast to the periphery, anthranilic acid is far superior to
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3-HK as a bioprecursor of 3-hydroxyanthranilic acid in the
brain (48) and should therefore be much better suited to sus-
tain cerebral QUIN levels when 3-HK formation is compro-
mised. Our results also may indicate that the anthranilic acid
branch of KP metabolism is the minor pathway for kynuren-
ine catabolism in all tissues. Interestingly, in brains of
Kmo ™'~ mice, the anthranilic acid to QUIN conversion is
likely the dominant pathway for QUIN formation and may
represent a compensatory mechanism to form QUIN when
KMO activity is compromised. More importantly, our
results indicate surprisingly that pharmacological inhibition
of KMO in the brain is unlikely to dramatically lower QUIN
levels, suggesting that peripheral inhibition of KMO may be
sufficient to confer neuroprotection (30). Unfortunately,
3-hydroxyanthranilic acid levels were below the limits of
assay sensitivity in the present study and were therefore not
available for testing this hypothesis directly. However, we
examined whether the differential effects of KMO deletion
on QUIN levels in brain and liver carried over to the impor-
tant downstream metabolite NAD™. No significant differ-
ences in NAD™ content were seen between wild-type and
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mutant animals in either tissue, supporting the notion that
alternative mechanisms readily maintain normal levels of
NAD™, even when the KP is severely compromised by elim-
ination of KMO (49 -51).

Work in a large number of in vivo and in vitro model systems
has revealed that kynurenine itself, as well as several KP metab-
olites, acting through a remarkably broad array of biological
mechanisms (28, 52), normally operate as signaling molecules
in physiological processes ranging from immune regulation
(53) to cognitive functions (20). Although not investigated here,
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controls, tryptophan levels are slightly reduced in the brain of Kmo™
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the newly generated Kmo ™'~ mice can therefore be expected to
have abnormalities that are related to the impairments in KP
metabolites described in the present study. Thus, in the periph-
ery, the massive reduction in QUIN may compromise the func-
tion of the spleen and lymphoid tissue (54), and increased
KYNA may adversely influence the function of endothelial cells
(55). Functional consequences of fluctuations in KP metabo-
lites are best documented in the brain, where decreased 3-HK
and elevated KYNA levels are known to reduce neuronal vul-
nerability (16, 20). Notably, increased brain KYNA levels also
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cause a variety of distinct cognitive impairments (56 —59). In a
preliminary study evaluating such possible abnormalities in
Kmo~'~ mice, which may be a direct consequence of the
increase in extracellular KYNA levels in the brain (Fig. 8), we
indeed observed a pronounced deficit in contextual memory in
the mutant animals (60).

Related to their role(s) in physiology, peripheral and central
KP metabolites have recently received considerable attention as
potential agents in human diseases ranging from cancer (61) to
intestinal syndromes (62) and disorders of the endocrine (63),
immune (64, 65), and central nervous systems (20, 66—69).
Causal connections have been postulated either because
genetic or biochemical KP abnormalities were found in speci-
mens obtained from patients, as in schizophrenia (70-76), or
because studies in animals had predicted etiologically signifi-
cant links. In some instances, such as the neurodegenerative
disorder Huntington disease, the case for causality is strength-
ened by converging evidence from both human tissues and rel-
evant animal models (77, 78).

These insights and hypotheses, in turn, stimulated efforts to
target individual KP enzymes pharmacologically to normalize
functional impairments caused by KP metabolites. A rich arma-
mentarium of selective and potent enzyme inhibitors is now
available, and these compounds are not only used as experi-
mental tools but also hold considerable promise as therapeutic
agents in a number of human diseases (see Refs. 1, 20, 29, and 67
for recent reviews). Because of its pivotal position in the KP,
KMO has attracted special attention in this regard. Mostly
tested in the neurosciences so far, specific KMO inhibitors,
including the prototypical Ro 61-8048 (35), indeed have signif-
icant biological activity in vivo. These studies have revealed, for
example, anticonvulsive, neuroprotective, and anti-dyskinetic
effects of KMO inhibition (30, 66, 79, 80) and led to the accept-
ance of KMO as a bona fide drug target (37). Notably, genetic
elimination of KMO suppresses toxicity in yeast and Drosoph-
ila models of Huntington disease (32, 81), suggesting that
Kmo~'~ mice, too, may show resistance to endogenous or
external insults. Nonetheless, pharmacological inhibition of
KMO might also lead to undesirable consequences on the nerv-
ous and immune systems (20) that will have to be evaluated
carefully in animals prior to clinical studies in humans.
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In summary, the newly produced Kmo ™'~ mice should be an
attractive experimental tool for the further elucidation of the
role of the KP in mammalian physiology and pathology. This
role involves the bi-directional cross-talk between periphery
and brain (20), so that gene deletion in individual tissues will be
of significant interest. Because our Kmo '/~ mice were gener-
ated using the Cre/loxP system, studies currently in progress
therefore target deletion of the Kmo locus in specific organs to
characterize the regulatory functions of the enzyme in distinct
biological compartments.

Acknowledgment—We thank Erin Stachowski for excellent technical
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