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Kynurenic acid (KYNA) can act as an endogenous modulator of excitatory neurotransmission and has been
implicated in the pathogenesis of several neurological and psychiatric diseases. To evaluate its role in the
brain, we disrupted the murine gene for kynurenine aminotransferase II (KAT II), the principal enzyme
responsible for the synthesis of KYNA in the rat brain. mKat-2�/� mice showed no detectable KAT II mRNA
or protein. Total brain KAT activity and KYNA levels were reduced during the first month but returned to
normal levels thereafter. In contrast, liver KAT activity and KYNA levels in mKat-2�/� mice were decreased by
>90% throughout life, though no hepatic abnormalities were observed histologically. KYNA-associated me-
tabolites kynurenine, 3-hydroxykynurenine, and quinolinic acid were unchanged in the brain and liver of
knockout mice. mKat-2�/� mice began to manifest hyperactivity and abnormal motor coordination at 2 weeks
of age but were indistinguishable from wild type after 1 month of age. Golgi staining of cortical and striatal
neurons revealed enlarged dendritic spines and a significant increase in spine density in 3-week-old mKat-2�/�

mice but not in 2-month-old animals. Our results show that gene targeting of mKat-2 in mice leads to early and
transitory decreases in brain KAT activity and KYNA levels with commensurate behavioral and neuropatho-
logical changes and suggest that compensatory changes or ontogenic expression of another isoform may
account for the normalization of KYNA levels in the adult mKat-2�/� brain.

The kynurenine pathway, which constitutes the main mode
of tryptophan degradation in most mammalian cells (Fig. 1),
contains several neuroactive metabolites. One branch of the
catabolic cascade produces two neurotoxic compounds, 3-hy-
droxykynurenine and quinolinic acid. The latter is an agonist of
the N-methyl-D-aspartate (NMDA) receptor (61) and is a po-
tent excitotoxin (55), while 3-hydroxykynurenine can cause
neuronal death because of its ability to generate free radicals
(14, 40). These two molecules can act synergistically to cause
neurodegeneration in vivo (22) and in vitro (10). Moreover,
there is accumulating evidence for the involvement of both
quinolinic acid and 3-hydroxykynurenine in the pathogenesis
of the AIDS-dementia complex (26, 50), Huntington’s disease
(21, 23, 44), schizophrenia (54), and several other human brain
disorders (59).

The other branch of the kynurenine pathway (Fig. 1) pro-
duces a neuroinhibitory compound, kynurenic acid (KYNA),
which has anticonvulsant and neuroprotective properties (17,
37, 64) and is of recent interest for the development of treat-
ments for epilepsy, traumatic brain injury, and stroke (re-
viewed in reference 59). In the high micromolar range, KYNA
blocks all ionotropic glutamate receptors, but it preferentially

antagonizes the glycine coagonist site of the NMDA receptor
at lower concentrations (31, 46). Recently, KYNA was also
shown to potently inhibit �7 nicotinic acetylcholine receptor
(�7nAChR) function (28).

Control mechanisms for the release of newly produced
KYNA into the extracellular compartment have so far not been
identified (63). However, KYNA formation is influenced by the
availability of 2-oxoacids (30), by cellular energy status (7, 18, 29,
63), and by dopaminergic activity (47, 49, 67). Some of these
regulatory processes are brain specific. Moreover, brain KYNA
levels are abnormal in diseases such as Huntington’s disease (4,
21, 69) and schizophrenia (15, 54), and evidence suggests that
relatively modest variations in brain KYNA, acting as an endog-
enous modulator of glutamatergic and cholinergic neurotransmis-
sion, may be functionally significant.

KYNA is produced enzymatically by irreversible transami-
nation of kynurenine, the primary catabolic product of trypto-
phan, and the newly formed KYNA is secreted into the extra-
cellular milieu (58, 62, 63). In rats, cerebral KYNA
biosynthesis is catalyzed by two kynurenine aminotransferases
(KAT I and II) (41), both of which are preferentially contained
in nonneuronal cells (9). KAT I, which is identical with glu-
tamine aminotransferase K (EC 2.6.1.64) (1, 38), converts
kynurenine most effectively at basic pH and is potently inhib-
ited by physiological concentrations of glutamine and other
abundant amino acids. In contrast, KAT II (L-�-aminoadipate
aminotransferase; EC 2.6.1.40) has a pH optimum of 7.4, is not
inhibited by common amino acids, and has therefore been
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postulated to function as the major determinant of KYNA
production in the brain (20).

Pharmacological tools exist to manipulate the quinolinate
branch of the kynurenine pathway and thus enhance the brain
levels of KYNA (45, 53), but no agents are currently available
to specifically inhibit KAT activity and thus reduce brain
KYNA. To investigate the role of KAT II in KYNA synthesis
in the mouse brain and to examine consequent behavioral and
pathological abnormalities caused by decreased KYNA levels,
we disrupted the Kat-2 gene in mice by homologous recombi-
nation. We report here that mice lacking the mKat-2 gene show
a perinatal reduction in brain KYNA levels that is accompa-
nied by behavioral and pathological abnormalities. However,
these changes were transitory, and improvement by 1 month of
age was concomitant with full restoration of cerebral KYNA
levels. Our results suggest additional mechanisms which may
regulate brain KYNA levels in adult mice.

MATERIALS AND METHODS

Chemicals. tert-Butylammonium hydrogen sulfate (TBAS) was purchased
from Fluka Chemika (Buchs, Switzerland). Unless stated otherwise, all bio-
chemicals, including avertin, were obtained from Sigma-Aldrich Chemical Com-
pany (St. Louis, Mo.). Acids and solvents (p.a. grade) were purchased from
various commercial suppliers.

Gene targeting and generation of KAT II-deficient mice. The mouse Kat-2
sequence and genomic organization were determined from BAC clones made
from a 129/SVJ genomic library (69). The targeting construct consisted of a
5.9-kb BamHI/HindIII restriction fragment (Fig. 2A) wherein a PGKneo cas-
sette was used to replace the KpnI/BamHI fragment (768 bp) that included exon
2 of the mKat-2 gene. Embryonic stem (ES) cells were transfected by electro-
poration with the linearized targeting construct. The targeted ES cell clones were
identified by Southern blotting using N-terminal flanking probes (Fig. 2A). A
total of 284 G418- and fialuridine-resistant clones were screened by Southern
blotting, and of the 4 positive clones obtained, 2 were injected into C57BL/6
blastocysts and implanted in Swiss Webster pseudopregnant mothers. Male chi-
meras were mated with Black Swiss or 129Sv/Ev females to generate heterozy-
gous mice in a mixed or completely inbred background, respectively. Heterozy-
gous mice were intercrossed to produce mKat-2�/� mice at a Mendelian ratio
(25%; n � 128). The following primer pairs (Fig. 2A) were used for PCR
screening and for the determination of the genotype: P1, 5�-ACA TGC TCG
GGT TTG GAG AT-3�, and P3, 5�-AAG CTT TGG AAC TCA GTG GG-3�;
P2, 5�-GTG GAT GTG GAA ATG TGT GTG CG-3�, and P4, 5�-GAG ACA
GAC ACC TTG ATA CT-3�. The PCR mixture (15 �l total) contained 50 ng of
mouse tail DNA, 7.5 �l of MasterAmp 2� PCR PreMixes buffer (Epicentre
Technologies, Madison, Wis.), 5 pmol of each primer, and 0.2 U of Taq DNA
polymerase (Roche, Indianapolis, Ind.). PCR amplification was conducted using
standard protocols, i.e., 2 min of denaturation followed by 25 cycles of 40 s of
denaturation at 94°C, 40 s of annealing at 58°C, and 1 min of extension at 72°C.

Animals. 129SvEvTac mice (Taconic, Germantown, N.Y.) and NIH Black
Swiss mice were used in the breedings. mKat-2�/� and wild-type mice from these
pairings served as the breeders for subsequent generations. mKat-2�/� mice used
in this study were bred into the 129SvEv line for four to five generations. Mice
were maintained in an Association for Assessment and Accreditation of Labo-
ratory Animal Care-approved animal facility on a 12-h light-dark cycle, with food
and water available ad libitum.

Northern blot and RT-PCR analyses. For Northern blot analyses, total RNA
from kidneys of 2-month-old mKat-2�/�, mKat-2�/�, and mKat-2�/� littermates
was extracted according to the manufacturer’s protocol (Gibco BRL, Gaithers-
burg, Md.). Ten micrograms of total RNA was electrophoresed and transferred
to nitrocellulose membrane. The membrane was probed with �-32P-labeled full-
length mKat-2 cDNA in preHYB/HYB buffer (Quality Biological Inc., Gaithers-
burg, Md.), washed under high-stringency conditions (0.2� SSC [1� SSC is 0.15
M NaCl plus 0.015 M sodium citrate] at 65°C), and subjected to autoradiography
at �70°C. For reverse transcription-PCR (RT-PCR) analyses, total RNA (n � 3
for each time point) from brains and livers of 7-, 14-, 21-, 28-, and 60-day-old
mKat-2�/� and wild-type mice were extracted using an RNeasy minikit (QIA-
GEN, Valencia, Calif.). RT-PCR was conducted on isolated RNA samples using
the Clontech RT-PCR kit (Palo Alto, Calif.) for 24 cycles of amplification. The
following primers were used for RT-PCR: mKat-1 forward, 5�-ATC ATG AAG
CAC CTG CGG AC-3�, and reverse, 5�-GAT AAG GCA CAG CTG AGG
TC-3�; mKat-2 forward, 5�-GTT CTC CAC ACA CAA GTC TC-3�, and reverse,
5�-GGA TCC ATC CTG TCA GTC A-3�. The expected product sizes are 530
and 625 bp, respectively, for mKat-1 and mKat-2.

Protein isolation and Western analyses. Tissue homogenates from kidneys of
2-month-old mKat-2�/�, mKat-2�/�, and mKat-2�/� littermates were isolated
for protein extraction. Western blot analysis was performed using a peptide-
specific polyclonal antibody as described elsewhere (69), while a different poly-
clonal antibody (42) was used for immunoprecipitation experiments.

Behavioral analyses. Postnatal day (PND) 1 to 14, pregnant mice were
checked twice daily (at 0900 to 1000 h and 1800 to 1900 h) for the presence of
newborn pups. Following birth, the litters were culled to a maximum of eight
pups to prevent growth or developmental differences due to litter size. On PND
1, pups were tattooed on their tails (AIMS IIIA tattoo identification system;
Animal Identification and Marking Systems, Budd Lake, N.J.) in order to mon-
itor individual developmental milestones. Beginning on PND 1, each animal was
weighed and the following behavioral milestones were examined daily: (i) surface
righting (the time it takes a pup that is placed on its back to return to the prone
position with all four paws touching the surface); (ii) rooting (the first time the
pup turns its head toward the side which has been stroked with a wisp of cotton);
(iii) negative geotaxis (the time it takes a pup placed head down on a 45° angle
to turn around and crawl up the slope); (iv) cliff aversion (the time it takes a pup
positioned with its snout and forepaws over the edge of a structure to turn and
crawl away); (v) forelimb grasping (the ability to grasp a thin rod and remain
suspended for 2 s); (vi) auditory startle (involuntary movement when a small
metal object is dropped onto a metallic surface 30 cm from the animal); (vii) eye
opening (the first day both eyes are open); (viii) open field (the time it takes a
pup placed in the center of a 30-cm-diameter circle to move outside the circle);

FIG. 1. Kynurenine pathway of tryptophan degradation.
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and (ix) air righting (the ability of a pup to land in a prone position after being
dropped with its ventral side up from a height of 50 cm). A response was
considered positive if the same pup was observed to perform or exhibit the
behavior on two consecutive days, and all timed responses were limited to a
maximum of 30 s. This test battery is based on developmental milestones (27)
and provides an assessment of simple and complex tasks.

Older animals. mKat-2�/� and wild-type mice (matched for age, body weight,
and gender; n � 10 per group) were assessed for behavioral changes by using a
test battery that included the assessment of general health and gross neurological
function (13). In order to identify general behavioral abnormalities (seizures,
lethargy, circling, etc.) and to quantify locomotor activity, mice were placed in an
open-field arena (35 by 42 cm) and videotaped for a period of 5 min. The floor
of the arena was divided into 7-cm2 sectors, and locomotor activity was quantified
by a blinded observer as the number of sector crossings during the 5-min session.
To further quantitate rearing behavior in these mice, a DigiScan animal activity
monitor (AccuScan Instruments, Inc., Columbus, Ohio) was used (n � 8 per
group). Mice were examined individually for 5 min in the open field, i.e., a
standard photocell-equipped plexiglass box. Behavioral data, including measures
of horizontal and vertical activity, total distance traversed, time spent in the
center versus the perimeter of the open field, and total time spent immobile,
were collected automatically.

Sensorimotor coordination was tested as described by Shi et al. (56) by using
a rotarod apparatus (Bioscore Instruments, Finleyville, Pa.). Mice were placed
on a 3-cm-diameter rod that was suspended 50 cm above the bottom of the
apparatus. The rod accelerated linearly from 0 to 40 rpm over 2.5 min. Animals
received three training runs each 30 min apart on the first day of the study and
were tested on three consecutive days for three trials each day. The latencies to
fall from the rod were averaged from the three trials.

Blood chemistry. Animals were anesthetized, and a heparinized wide-bore
(1.0-mm) microhematocrit capillary tube was used to penetrate the orbital sinus
along the lateral canthus of the eye. Approximately 200 to 300 �l of whole blood
was collected in a sterile 1.5-ml Eppendorf tube, and the samples were allowed
to stand at room temperature for approximately 30 min to allow the blood to clot.
The samples were then centrifuged at 1,000 � g for 10 min at 4°C. The super-
natant serum was carefully transferred to another sterile Eppendorf tube, im-
mediately frozen in liquid nitrogen, and stored at �70°C. The samples were then
shipped on dry ice to AniLytics Inc. (Gaithersburg, Md.), where routine analysis
of blood chemistry was performed.

Enzyme activity and metabolite levels. (i) Measurement of KAT activity. Mice
were sacrificed, and their brains and livers were harvested and stored on ice. The
tissues were suspended (1:10, wt/vol) in distilled water and sonicated. The ho-
mogenates were dialyzed overnight at 4°C against 4 liters of 5 mM Tris-acetate

FIG. 2. Disruption of the mKat-2�/� gene by homologous recombination. (A) Strategy used for disruption of mKat-2. Targeting vector pPNT
contained a 5.9-kb genomic sequence of the mKat-2 genomic locus. PGKneo was ligated at KpnI (K) and BamHI (B) sites in the first and second
introns of mKat-2�/�, such that 1.3 kb of the 5� and 4.6 kb of the 3� sequences were the targeted sequences. The mKat-2 sequences were flanked
by the TK genes. Homologous recombination within mKat-2 would replace the endogenous exon 2 with PGKneo, resulting in a frameshift
downstream of the targeted region. The probe for the Southern blot assay and the primers for PCR are indicated. (B) Southern blot analysis
demonstrated successful targeting using a 5�-flanking probe as indicated in panel A. The insertion of an extra HindIII site in the targeted locus
produced a 1.4-kb band, while the wild type is 6.7 kb. (C) Genotype was determined by PCR method using the two primer pairs P1 and P3 for
wild-type animals (PCR product size of 1.7 kb) and P2 and P3 for mutant mice (PCR product size of 1.4 kb) as indicated in panel A. (D) Northern
blot analysis using full-length mKat-2�/� cDNA as probe demonstrated loss of mKat-2�/� transcripts in mKat-2�/� animals. The amount of total
RNA loaded on each lane was indicated by the 18S rRNA. (E) Immunoblotting of mouse kidney homogenate using an antibody generated from
peptide in exon 6 of mKat-2�/�. (F) mKat-2 expression levels during development as determined by RT-PCR from wild-type brain. Expression
levels peaked at day 21. (G) Comparison of mKat-1 developmental expression levels in mouse brain. Expression patterns were not significantly
different in brain and liver (data not shown) of wild-type (open symbol) compared to mKat-2�/� (close symbol) mice, indicating that there was no
augmentation of Kat-1 expression in the Kat-2 null background.
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buffer (pH 8.0) containing 50 �M pyridoxal-5�-phosphate and 10 mM 2-mercap-
toethanol. KAT activity was assessed in a 200-�l reaction mixture containing 150
mM Tris-acetate buffer (pH 7.4), 2 �M (2.5 nCi) [3H]kynurenine (Amersham
Corp., Arlington Heights, Ill.), 1 mM pyruvate, 80 �M pyridoxal-5�-phosphate,
and 80 �l of dialysate. Liver dialysate was additionally diluted (1:25, vol/vol)
prior to incubation. Samples were incubated (liver, 2 h; brain, 20 h) at 37°C, and
the reaction was terminated by adding 14 �l of 50% (wt/vol) trichloroacetic acid.
One milliliter of 0.1 M HCl was added, and the denatured protein was removed
by centrifugation in a microcentrifuge. One milliliter of the resulting supernatant
was added to a Dowex 50W H� cation exchange column. After successive
washes with 1 ml of 0.1 M HCl and 1 ml of distilled water, [3H]KYNA was eluted
from the column with two 1-ml volumes of distilled water and quantified by liquid
scintillation spectrometry.

KAT II was precipitated using 1 �l of polyclonal anti-KAT II antibody (42)
mixed with 100 �l of the dialyzed tissue homogenate and incubated at room
temperature for 1 h. One milligram of insoluble protein A in 10 �l of water was
then added, and the mixture was vigorously stirred and incubated at room
temperature for an additional hour. Samples were centrifuged (12,000 � g; 10
min), and KAT activity was measured in the supernatant as described above. In
all cases, blank values were obtained using samples containing heat-inactivated
dialysate.

(ii) KYNA measurement. Tissues were suspended in ultrapure water (brain,
1:10 [wt/vol]; liver, 1:100 [wt/vol]) and sonicated. Five hundred microliters of the
homogenate was combined with 125 �l of 5 N HCl and 500 �l of chloroform,
mixed vigorously, and centrifuged (10 min; 12,000 � g). Twenty microliters of a
50 nM KYNA solution was added to duplicate samples as an internal standard.
Five hundred microliters of the supernatant was applied to a Dowex H� cation
exchange resin, and the column was washed successively with 200 �l of 1 N HCl,
500 �l of ultrapure water, and 500 �l of 50% methanol. KYNA was eluted with
two 1-ml volumes of 50% methanol, 50 �l of TBAS was added to the eluate, and
the mixture was lyophilized. The samples were reconstituted with 300 �l of
distilled water, and 200 �l was subjected to high-performance liquid chromatog-
raphy (HPLC) analysis. The HPLC column (HR-80; ESA, Chelmsford, Mass.)
was perfused isocratically at 1 ml/min using a mobile phase consisting of 5%
acetonitrile, 250 mM zinc acetate, and 50 mM sodium acetate (pH 6.2). KYNA
was determined in the eluate by fluorescence detection (excitation wavelength,
344 nm; emission wavelength, 398 nm) (62).

(iii) Kynurenine and quinolinic acid measurements. Tissues were suspended
in ultrapure water (brain, 1:25 [wt/vol]; liver, 1:50 [wt/vol]) and sonicated. Fifty
microliters of the homogenate was combined with 50 �l of a solution containing
200 nM homophenylalanine and 100 nM 3,5-pyridinedicarboxylic acid as internal
standards. The samples were then combined with 25 �l of 5 N HCl and 125 �l
of chloroform, thoroughly mixed, and centrifuged (10 min; 12,000 � g). One
hundred microliters of the supernatant was combined with 50 �l of 62.5 mM
TBAS and lyophilized. The dried pellets were resuspended in 25 �l of methylene
chloride containing 7.5% diisopropylethylamine and 3% pentafluorobenzylbro-
mide (PFB-Br). The samples were incubated in sealed tubes for 15 min at 60°C.
Fifty microliters of decane and 750 �l of ultrapure water were then added, and
the samples were vigorously mixed and centrifuged (15 min; 7,000 � g). One
microliter of the organic phase was injected into a gas chromatograph-mass
spectrometer (GC/MS). A trace GC was used in series with a trace MS quad-
rupole (ThermoFinnigan, San Jose, Calif.). Chromatographic separation was
achieved using a 30-m DB-5 MS capillary column with a 0.25-mm internal
diameter and 0.25-�m film thickness (Alltech, Deerfield, Ill.) with helium as the
carrier gas. A split-splitless injection port (1-�l injection volume) was used with
a port temperature of 228°C. The temperature was programmed as follows:
155°C for 1.25 min, 40°C/min to 270°C, 10°C/min to 320°C, and 1 min at 320°C.
Analysis was performed using electron capture negative-ion chemical ionization
MS with methane as the reagent gas. The ion source temperature was 220°C.
Selected ion monitoring analyses were performed by recording signals of char-
acteristic (M-PFB)� ions. The m/z value was 346 for (QUIN-PFB)� and 387 for
(KYN-PFB)�.

(iv) 3-Hydroxykynurenine measurement. Brain or liver samples were sus-
pended in ultrapure water (1:10, wt/vol) and sonicated. Thirty microliters of 6%
perchloric acid was added to 120 �l of homogenate, thoroughly mixed, and
centrifuged (10 min; 12,000 � g). Using a refrigerated autoinjector, 20 �l of the
supernatant was applied to a reverse-phase HPLC column (HR-80; ESA) per-
fused isocratically at 1 ml/min with a mobile phase consisting of 1.5% acetoni-
trile, 0.9% triethylamine, 0.59% phosphoric acid, 0.27 mM sodium EDTA, and
8.9 mM heptane sulfonic acid. In the eluate, 3-hydroxykynurenine was detected
electrochemically (Coulochem; ESA) at an oxidation potential of �0.2 V (25).

(v) Measurement of dopamine and its acidic metabolites. Striatal tissue was
dissected on ice and homogenized in 100 �l of HPLC-grade water. Fifty micro-

liters of the homogenate was then diluted (1:1, vol/vol) with 0.2 M HClO4 and
centrifuged for 10 min at 12,000 � g. The supernatant was further diluted 1:25
(vol/vol) with a mobile phase consisting of 90 mM KH2PO4, 50 mM citric acid,
2.5 mM octane sulfonic acid, 50 �M sodium EDTA, and 8% acetonitrile, pH 3.0.
Dopamine, homovanillic acid (HVA), and 3,4-dihydroxyphenylacetic acid
(DOPAC) were separated using a reverse-phase HPLC column (MD-150; ESA)
perfused isocratically at 1.2 ml/min with the mobile phase. All compounds were
detected electrochemically at an oxidation potential of �0.48 V (2).

(vi) Protein measurement. Protein was determined in appropriate aliquots of
tissue homogenate using the method of Lowry et al. (34).

Histology. (i) Nissl, glial fibrillary acidic protein (GFAP), and Fluoro Jade B
staining. Mice of various ages (PND 7, PND 14, PND 21, 2 months, and 18
months; n � 2 each for mutant and wild-type animals per age group) were deeply
anesthetized with avertin (600 mg/kg of body weight, intraperitoneally). The
brains of PND 7 mice were removed from the skull and fixed by immersion in
fixative (4% paraformaldehyde in 0.1 M phosphate buffer; pH 7.4). Older ani-
mals were perfused transcardially with 0.9% NaCl and fixative. Brains were left
in fixative overnight, rinsed in 0.1 M phosphate buffer (pH 7.4; PB), cryopro-
tected in PB containing 30% sucrose, and frozen using CO2. Thirty-micrometer
tissue sections of the entire brain were cut coronally using a cryostat and col-
lected in PB for the different staining procedures.

Nissl stain, GFAP immunohistochemistry, and Fluoro Jade B staining were
performed according to well-established procedures, and every fourth section
was analyzed for each method. GFAP antibodies (diluted 1:2,000) were obtained
from Zymed (San Francisco, Calif.). Fluoro Jade B was purchased from Histo-
Chem Inc. (Jefferson, Ark.) (52).

(ii) Golgi impregnation. The impregnating solution for Golgi staining con-
sisted of 5% K2Cr2O7, 4% K2CrO4, and 5% HgCl2 in distilled water (39). This
solution (1.5 liters) was prepared under low light conditions and stored in an
acid-cleaned flask covered with aluminum foil. One liter of distilled water was
added at the time when fixed tissue specimens (coronally cut, approximately
2-mm-thick hemibrain blocks from the frontal cortex and striatum; n � 2 per
experimental group) were prepared for the staining procedure. The tissue blocks
were placed in individual acid-cleaned plastic tissue cassettes. Groups of no more
than 15 cassettes were placed in gauze suspension bags, and the bags were
suspended in the impregnating solution in a 4-liter Erlenmeyer flask. The flask
was sealed, covered with foil, and placed on a rotating platform (25 to 30 rpm)
for 10 days. On the 11th day, the cassettes were removed, rinsed thoroughly in
several changes of distilled water over a 1-h period, and placed in the dark for 6 h
in an alkalizing solution (0.5% LiOH and 15% KNO3 in distilled water). The
cassettes were then submerged in 0.2% glacial acetic acid, which was changed
and replenished four times during the 18-h immersion period. Finally, the cas-
settes were washed for 1 h in distilled water (three changes), and the tissues were
removed from the cassettes, dehydrated in graded alcohols, and embedded
individually in Beem capsules using Spurr’s epoxy embedding medium. The
medium was polymerized at 60°C overnight. Sections (25 to 30 �m) were cut
using a rotary microtome, placed on glass slides, adhered with gentle heating on
a warm hot plate, and coverslipped using a low-viscosity mounting medium.

(iii) Quantification of dendritic spines. Golgi-impregnated tissue sections
were observed using an Olympus Lab-2 light microscope (bright-field optics)
with an attached digital camera, and neurons and dendrites were studied and
photographed at a magnification of �400. For each animal, 12 to 15 fields
displaying well-impregnated neurons and dendrites were photographed. Digital
images were printed in an 8- by 10-in. format, and each photograph was coded
to conceal the identity of the animal. All photographs were randomly arranged
and presented to the investigator, who then selected dendrites for evaluation in
each of the photographs. Two-centimeter segments (each representing approx-
imately 20 �m of dendritic length) of both primary and secondary dendrites were
then marked on each 8-by-10 photograph, and the number of spines was counted
and recorded on each marked segment. Subsequently, the code was broken, and
the numbers of spines were tabulated.

(iv) Liver histology. Specimens of formalin-fixed liver tissue from mutant and
wild-type animals (n � 2 per experimental group) were embedded, cut into 6-�m
sections, and stained with hematoxylin and eosin, Masson trichrome, or periodic
acid-Schiff stain. The sections were then examined by light microscopy to assess
cytological and histological features.

Data analysis. An unpaired Student’s t test was used for any two-group com-
parison. A one-way or two-way analysis of variance (ANOVA) with appropriate
post-hoc analysis was used to compare three or more groups. When the same
animals were tested several times, a repeated-measures ANOVA with appropri-
ate post-hoc analysis was used. A P value of �0.05 was considered significant in
all analyses.

Analysis of dendritic spine densities was performed using the generalized
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estimating equations method for unbalanced repeated measures (33). This
method takes account of correlations among repeated counts of dendrites from
the same animal using the model of dendrite count � group. Separate analyses
of primary and secondary dendrites were conducted for PND 21 and 2-month-
old animals. The effect of group was tested at 0.05/4 � 0.0125 to account for
multiple testing using a Bonferroni correction.

RESULTS

Generation of mKat-2�/� mice. A 768-bp genomic fragment
that included exon 2 of the mKat-2 gene was replaced by a
PGKneo cassette in opposite orientation relative to kat-2 tran-
scription (Fig. 2A). Any mKat-2 transcript resulting from this
genetic modification would result in the truncation of the pro-
tein in the neo gene, and any transcript that spliced around this
modified region would result in a frameshift and protein trun-
cation. Targeted ES cell clones (Fig. 2B) were injected into
blastocysts, and three founders were identified that showed
germ line transmission of the targeted mKat-2 allele. Animals
in an inbred or a mixed background were generated by mating
chimeras with either 129/SvEv or NIH Black Swiss mice, re-
spectively. No phenotypic differences were detected between
the mixed and inbred backgrounds in the F1 and F2 genera-
tions. F1 heterozygous offspring were intercrossed, and F2
offspring were genotyped by Southern blotting and PCR anal-
yses. All three genotypes (�/�, �/�, and �/�) were detected
in the F2 litters (Fig. 2C). Cumulative genotyping of heterozy-
gous crosses yielded the expected Mendelian ratios. To verify
that deletion of exon 2 within the mKat-2 gene resulted in
animals null for mKat-2, we performed Northern blot analysis
using full-length mKat-2 cDNA as a probe, which demon-
strated loss of mKat-2 transcript in mKat-2�/� mice (Fig. 2D).
Western analyses using an anti-KAT II polyclonal antibody of
protein extracts from kidney revealed the absence of the ex-
pected 40-kDa protein in mKat-2�/� mice (Fig. 2E).

Perinatal behavioral changes in mKat-2�/� mice. No effects
on viability, longevity, and fertility were observed in mKat-2
homozygous null mice. Feeding and grooming behavior were
also grossly normal. Likewise, no differences between wild-type
and mKat-2�/� mice were detected in testing developmental
milestones such as surface righting, cliff aversion, negative
geotaxis, rooting, forelimb grasp, and auditory startle. How-
ever, mKat-2�/� mice showed earlier eye opening and preco-
cious acquisition of complex motor behaviors, such as open
field crossing and air righting (Table 1).

In the open field arena, mKat-2�/� mice displayed increased
locomotor activity from PND 17 to PND 26 (Fig. 3). However,
this difference was transitory and restricted to this age range, as
older animals did not exhibit this hyperactive behavior. Anal-
ysis of the videotaped sessions revealed that mKat-2�/� mice
reared more than wild-type mice. Further quantification of
rearing behavior was performed in a separate group of mice
using a Digiscan activity monitor, which showed a significantly
increased number of horizontal and vertical movements in
mKat-2�/� animals from PND 17 to PND 30 (data not shown).

Motor coordination in mKat-2�/� mice was investigated us-
ing an accelerating rotarod apparatus. Mice of both genotypes
were able to learn the motor coordination task, as evidenced by
an increase in mean latencies during the training and testing
period. At PND 21, a significant difference with regard to

genotype (P � 0.05) was observed. However, this difference
diminished in animals that were 2 and 6 months of age (Fig. 4).

Normal liver and kidney function in mKat2�/� mice. In
addition to the brain, mKat-2 is also highly expressed in liver
and kidney (69). In order to examine the effects of loss of
mKat-2 in liver or renal function, blood chemistry analyses
were performed in 2- and 9-month-old mKat-2�/� and wild-
type animals. Liver function, determined by measuring levels
of hepatic enzymes, including aspartate aminotransferase, ala-
nine aminotransferase, and 	-glutamyl transpeptidase, along
with bilirubin levels, total protein, and albumin, showed no
difference between mutant animals and wild-type controls at 2
months (Table 2) and 9 months (data not shown) of age.
Examination of renal function revealed similar blood urea
nitrogen levels between the groups. Serum creatinine levels in
nullizygous animals were significantly lower than in wild-type
mice but remained well within normal limits.

Histological examination of liver sections from PND 21 and

FIG. 3. Locomotor activity in wild-type (solid squares) and mKat-
2�/�(open squares) mice at various ages. Values represent the number
of sector border crossings during the 5-min testing session. The same
wild-type (n � 17) and mKat-2�/� (n � 18) mice were used longitu-
dinally. One mKat-2�/� mouse died at 5 months, and one mKat-2�/�

mouse and two wild-type mice died at 10 months. Data are expressed
as the mean 
 the standard error of the mean. *, P � 0.05 versus wild
type (two-way ANOVA).

TABLE 1. Analysis of neonatal behavior in wild-type and
mKat-2�/� mice (n � 8 per group)

Behavior test
First day of behaviora

Wild type mKat-2�/�

Surface righting 1.5 
 0.3 1.3 
 0.2
Cliff aversion 4.9 
 0.7 5.1 
 0.5
Negative geotaxis 6.1 
 0.6 7.1 
 0.4
Rooting 5.0 
 0.6 4.6 
 0.5
Forelimb grasp 7.8 
 0.2 7.4 
 0.2
Auditory startle 13.4 
 0.3 13.0 
 0.3
Eye opening 13.0 
 0.0 12.1 
 0.1*
Open field 12.4 
 0.2 11.4 
 0.2*
Air righting 13.1 
 0.1 12.4 
 0.3*

a Starting from when the animals were born, pups were examined daily for the
acquisition of developmental milestones. The values (
 SEM) listed represent
the first day on which 50% of the pups were able to perform a particular
behavior. *, P � 0.05 versus wild type (one-way ANOVA).
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2-month-old animals showed no differences between mKat-
2�/� and wild-type mice. All sections that were examined
showed normal histologic and cytologic features (micrographs
not shown).

Early and transient decreases in brain KAT activity and
KYNA levels. Because of the relative importance of KAT II
activity in the rat brain (20), we anticipated a substantial and
permanent reduction in total cerebral KAT activity in mKat-
2�/� mice. However brain KAT activity in the mutant mice was
moderately decreased at PND 7 and 14 (by 44 and 38%, re-
spectively, compared to age-matched wild-type mice) and re-

turned to normal levels by PND 21 and thereafter (Fig. 5). In
contrast, liver KAT activity in the mKat-2 nullizygous animals
was reduced to less than 10% of wild-type activity throughout
the entire life span (Fig. 5). Immunoprecipitation with a poly-
clonal anti-KAT II antibody was then used to further examine
the contribution of KAT II to total KAT activity in the mouse
brain and liver. These studies were performed using tissues
from wild-type mice at PND 7, PND 14, and 2 months of age.
In agreement with the results obtained with mKat-2�/� mice,
antibody-induced elimination of KAT II caused a 46 and 32%
decrement in total brain KAT activity in PND 7 and PND 14
mice, respectively. However, total brain KAT in 2-month-old
mice was not reduced by antibody treatment. On the other
hand, liver KAT was almost totally abolished in all three age
groups (Fig. 5). These results suggest that in the mouse, unlike
the rat, KAT II accounts for less than 50% of total KAT
activity in the brain and that KAT II contribution is maximal
during the first weeks of postnatal development. However, in
the mouse liver, our data indicate that KAT II is almost ex-
clusively responsible for the transamination of kynurenine to
KYNA.

Measurements of cerebral and hepatic KYNA levels in
mKat-2�/� mice compared to age-matched wild-type mice
showed reductions that were slightly higher in magnitude than
changes in KAT activity. Brain KYNA levels in PND 7,
PND14, and PND 21 mKat-2�/� mice were significantly re-
duced (by 48 to 60%) compared to controls but were indistin-
guishable in older animals (Fig. 6). In contrast, liver KYNA
levels in mutant mice were decreased to a much greater extent
throughout the animals’ life span (Fig. 6). As illustrated in Fig.
7, mKat-2�/� mice did not show any significant change in the
brain or liver tissue content of associated metabolites (kynure-
nine, 3-hydroxykynurenine, and quinolinic acid) in all ages
examined.

In order to determine if the increased locomotor activity
seen in young mKat-2�/� mice was caused by abnormal striatal
dopamine function (reference 43 and references therein), we
compared the striatal levels of dopamine and its acidic metab-
olites, HVA and DOPAC, in PND 21 wild-type and mKat-2�/�

mice. As shown in Fig. 8, no significant group differences were
found in any of the three dopaminergic markers.

Histochemical, immunohistochemical, and Golgi studies in
mKat-2�/� mice. Light microscopic analysis of Nissl-stained

FIG. 4. Motor coordination in wild-type (open bars) and mKat-
2�/� (solid bars) mice of different ages. Rotarod assessment was per-
formed as described in Materials and Methods (n � 8 per experimen-
tal group). Data are expressed as the mean 
 the standard error of the
mean. P was �0.05 versus wild type at PND 21 but not at the other
ages (repeated-measures ANOVA).

TABLE 2. Analysis of serum samples from 2-month-old wild-type
(n � 6) and mKat-2�/� mice (n � 6)a

Blood chemistry Wild type mKat-2�/� Normal
range

ALT (U/liter) 68.7 
 25.1 68.8 
 14.3 24–140
AST (U/liter) 164.8 
 64.2 86.3 
 7.3 72–288
GGT (U/liter) 0.3 
 0.3 0.0 
 0.0 0–2
Total bilirubin (mg/dl) 0.1 
 0.0 0.1 
 0.1 0–0.9
Direct bilirubin (mg/dl) 0.0 
 0.0 0.0 
 0.0 0–0.2
Total protein (g/dl) 4.7 
 0.1 4.7 
 0.1 4.0–6.2
Albumin (g/dl) 2.6 
 0.1 2.7 
 0.3 2.6–4.6
BUN (mg/dl) 25.5 
 3.3 23.3 
 2.4 9–28
Creatinine (mg/dl) 0.3 
 0.1 0.2 
 0.0* 0.2–0.7

a Samples were obtained as described in the text and commercially analyzed
(AniLytics). Analysis of liver and renal function included measurements of as-
partate aminotransferase (AST), alanine aminotransferase (ALT), 	- glutamyl
transpeptidase (GGT), and blood urea nitrogen (BUN). Data are expressed as
the mean 
 SEM. *, P � 0.05 versus wild type (one-way ANOVA).
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brain tissue sections did not reveal obvious abnormalities in
the neuronal cytoarchitecture of mKat-2�/� mice at the ages
examined (micrographs not shown). In addition, tissue sections
stained with Fluoro Jade B showed no indication of neuronal
degeneration in the brain of mKat-2�/� mice at the different
ages studied. Moreover, GFAP immunohistochemistry did not
reveal any obvious changes in the appearance and distribution
of astrocytes in mutant mice compared to control animals.
These observations included the analysis of coronal tissue sec-
tions throughout the entire rostrocaudal extent of the brain,
including the cervical spinal cord (micrographs not shown).

Golgi-stained brain tissue sections from PND 21 and
2-month-old mutant and wild-type mice were examined for
comparisons of dendritic morphology. Cortical neurons from
PND 21 mKat-2�/� mice consistently exhibited dendrites with

a more luxuriant proliferation of spines, some of which had a
prominently bulbous appearance (cf. Fig. 9A and B). Qualita-
tively similar abnormalities were observed in dendrites of stri-
atal neurons from PND 21 mutant mice (micrographs not
shown). Quantitative assessment of spines on both primary and
secondary dendrites of cortical and striatal neurons revealed
significantly greater spine densities in PND 21 mKat-2�/� mice
compared to wild-type controls (both P � 0.05) (Table 3). In
contrast, no qualitative spine abnormalities were noted in the
cortex (cf. Fig. 9C and D) or striatum (micrographs not shown)
of 2-month-old mKat-2�/� mice. Likewise, there were no
quantitative differences observed in spine densities on cortical
or striatal neurons from 2-month-old mutant and wild-type
animals (P � 0.4 for both primary and secondary dendrites)
(Table 3).

DISCUSSION

Targeted disruption of the mKat-2 gene in mice resulted in
a marked reduction of KAT activity and, hence, decreased
KYNA levels in liver and to a lesser degree in brain, without

FIG. 5. Total KAT activity in brain and liver of wild-type (open
bars) and mKat-2�/� (solid bars) mice at various ages. At PND 7, PND
14, and 2 months, anti-KAT II antibodies were used to immunopre-
cipitate KAT II (hatched bars) in tissues from wild-type mice. See
Materials and Methods for experimental details. Data are from four to
seven animals per age group and are expressed as the mean 
 the
standard error of the mean. *, P � 0.05 versus wild type (two-way
ANOVA). Neither brain nor liver KAT activity differed significantly
between mKat-2�/� and KAT II-immunoprecipitated wild-type mice at
any of the three ages tested.

FIG. 6. KYNA levels in brain and liver in wild-type (open bars) and
mKat-2�/� (solid bars) mice at various ages. Data are from 5 to 12
animals per age group and are expressed as the mean 
 the standard
error of the mean. *, P � 0.05 versus wild type (two-way ANOVA).
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affecting the liver or brain content of kynurenine, 3-hy-
droxykynurenine, and quinolinic acid. In contrast to the liver,
which showed a lasting and dramatic KYNA deficit, the de-
crease in brain KYNA in mKat-2�/� mice was limited to the
first few weeks of life. This transient period of reduced brain
KYNA levels was accompanied by a behavioral phenotype, i.e.,
hyperlocomotion and decreased motor coordination. More-
over, microscopic analyses revealed significant abnormalities in
the appearance and density of dendritic spines in young mutant

mice, though no evidence of neurodegeneration or other gross
neuropathological changes were observed in brain sections
from these animals. After approximately 1 month of age, neu-
ropathological changes reverted to wild-type appearance and
density, in parallel with the normalization of brain KAT activ-
ity and KYNA levels. Behavioral abnormalities also subsided
in mKat-2�/� mice after the first month of life. These results
demonstrate that disruption of the mKat-2 gene leads to a
transient deficit in brain KYNA levels during the first postnatal

FIG. 7. Brain (A) and liver (B) levels of kynurenine, 3-hydroxykynurenine (3-HK), and quinolinic acid (QUIN) in wild-type (open bars) and
mKat-2�/� (solid bars) mice at various ages. Data are from 5 to 12 animals per age group and are expressed as the mean 
 the standard error
of the mean.
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weeks, coinciding with neuronal and behavioral abnormalities.
This would suggest that mKat-2 expression and function is
maximal during the first weeks of postnatal development (Fig.
2F) and that KAT II accounts for less than 50% of total KAT
activity in the brain of juvenile mice.

In line with previous reports on pronounced species differ-
ences (32), the present study revealed substantial, functionally
relevant differences between rat and mouse KAT. In the rat
liver, four enzymes are capable of irreversibly converting
kynurenine to KYNA, but their relative contributions to
KYNA synthesis in vivo are unknown (32). Rat and human
brain contain two KATs, arbitrarily termed KAT I and KAT II,
which are identical to two of the known peripheral KATs,
glutamine aminotransferase K and L-�-aminoadipate amino-
transferase, respectively (6, 20, 41). In contrast to KAT I, KAT
II has a physiological pH optimum and lacks substrate compe-
tition by glutamine, tryptophan, phenylalanine, and other
amino acids which are present in the brain in high concentra-
tions. The dramatic reduction in liver KAT activity throughout
the mutant animals’ life span demonstrated that KAT II is the

FIG. 8. Levels of dopamine and its acidic metabolites HVA and
DOPAC in the striatum of PND 21 wild-type (open bars) and mKat-
2�/� (solid bars) mice (n � 7 per group). Data are expressed as the
mean 
 the standard error of the mean. Two-way ANOVA revealed
no significant differences with respect to genotype.

FIG. 9. Representative dendritic morphology of cortical neurons from wild-type and mutant mice, demonstrated by Golgi staining. (A and C)
PND 21 and 2-month-old wild-type mice, respectively; (B and D) PND 21 and 2-month-old mKat-2�/� mice, respectively. Note that the dendrite
in panel B is thicker and that spines are occasionally bulbous in appearance. See Table 3 for quantification of spine densities.
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dominant hepatic KAT in the mouse. Brain KAT activity in
mKat-2�/� mice, on the other hand, was only reduced during
the first weeks of life, suggesting that the contribution of KAT
II to total KAT activity in the normal mouse brain is essentially
transient and developmentally regulated. However, it is un-
likely that the restored brain KAT activity in 1 month and older
mkat2�/� mice is due to compensatory KAT I activity, since
the assay used in this study discriminates between KAT I (with
an optimum pH of 9.5 and which is inhibited by glutamine) and
KAT II. This was further substantiated by experiments using
anti-KAT II antibodies in liver and brain tissue from wild-type
mice, where immunoprecipitation showed a �90% reduction
in KAT activity in the liver and more moderate, age-dependent
decreases in brain KAT (Fig. 5). Moreover, mKat-1 develop-
mental expression pattern in brains of wild-type and mKat-2
knockout mice are not significantly different from each other
(Fig. 2G). Thus, the results presented here and the enzymatic
properties of KAT I would argue against its major role in
cerebral KYNA synthesis in vivo. It is more likely that the
mouse brain may contain one or more as-yet-unidentified ami-
notransferases which are more similar in their properties to
KAT II and may be primarily responsible for KYNA formation
in the adult mouse brain.

All known KATs have Km values for kynurenine in the high
micromolar or in the millimolar range (32). De novo KYNA
formation therefore increases linearly with increased availabil-
ity of kynurenine, especially under physiological conditions,
when substrate concentrations are in the low micromolar range
(58, 62, 63). However, the concentration of KYNA in vivo can
also be regulated in the absence of fluctuations in kynurenine
levels, i.e., by changes in KAT activity. For example, the in-
creases in cerebral KAT expression seen in the aging brain (5,
19) or following experimental brain lesions (9, 68) are accom-
panied by roughly proportional elevations of KYNA but not
kynurenine levels. The present study supports this view, since
decreases in brain KAT due to mKat-2 disruption are associ-
ated with quantitatively similar reductions in brain KYNA
content without changes in kynurenine levels. Of note, this
causal relationship between KAT activity and endogenous
KYNA levels is not limited to the brain, as evidenced by the
parallel �90% reduction in hepatic KAT activity and KYNA
levels in mKat-2�/� mice.

Because of the apparent lack of effective mechanisms to
control the cellular release of KYNA (63) and because of the

absence of degradation and reuptake processes for KYNA
(65), changes in intracellular synthesis can cause rapid and
proportional fluctuations in extracellular KYNA (18, 30). Even
relatively small increases in extracellular KYNA in the brain
are functionally significant, resulting in a reduction in extra-
cellular glutamate levels (8). Interestingly, such moderate in-
creases are also anticonvulsant and reduce neuronal vulnera-
bility to ischemic and other excitotoxic insults (7, 12, 24, 36, 45,
51, 53), supporting the possible clinical relevance of fluctua-
tions in brain KYNA.

mKat-2-deficient animals showed transient and relatively
modest reductions in cerebral KYNA content in the brain, a
feature which correlated with interesting phenotypic changes.
Mutant mice did not display apparent abnormal behaviors
during the first 2 weeks of postnatal development but showed
pronounced hyperactivity and a lack of motor coordination
between PND 17 and PND 26. These anomalous behaviors
subsided in parallel with the normalization of brain KYNA
levels and as the animals matured. Notably, as assessed in the
striatum of PND 21 mKat-2�/� mice, the changes in motor
behavior were not associated with abnormal tissue levels of
dopamine, HVA, and DOPAC (Fig. 8) or abnormal dopamine
turnover (unpublished data).

The increase in dendritic spine density and the thickened
and occasionally bulbous profiles of some spines characteristic
of immature spines were conspicuous in PND 21 mKat-2�/�

mice. However, these features became indistinguishable in
2-month-old mutant and wild-type mice. Since dendritic spines
are known to carry nicotinic and NMDA receptors (16, 48, 70),
these structural changes may explain recent data demonstrat-
ing an increase in �7nAChR function (3) and enhanced vul-
nerability to quinolinate (M. T. Sapko, P. Yu, P. Guidetti, R.
Pellicciari, D. A. Tagle, and R. Schwarcz, Soc. Neurosci. Abstr.
29:805.20, 2003) in young mKat-2�/� mice. Both �7nAChR
and NMDA receptors are known to play critical roles in the
development and function of dendritic spines (11, 35, 57, 66).
It is therefore possible that the changes in spine morphology
and density in the young mutant mice are a direct consequence
of increased �7nAChR and NMDA receptor function due to
the transient reduction in brain levels of the endogenous
�7nAChR and NMDA receptor antagonist KYNA. In fact, our
group’s recent work indicated that the transient decrease in
KYNA levels in mKat-2�/� mice is sufficient to enhance
�7nAChR activity in CA1 stratum radiation interneurons, re-
sulting in increased GABA-ergic synaptic activity of CA1 py-
ramidal neurons in the hippocampus (3). It is likely that the
enhanced spontaneous locomotor activity observed in 21-day-
old mKat-2�/� mice is a result of increased GABA-ergic ac-
tivity in the hippocampus similar to that seen in rodents after
intrahippocampal microinjection of GABA or its receptor ago-
nists muscimol (3). Importantly, the dendritic changes seen in
young mKat-2�/� mice were not accompanied by signs of neu-
ronal damage, nor was there any evidence of abnormal neu-
rodegeneration or astrogliosis.

Because of the transient reduction in brain KYNA, the
mKat-2�/� mouse is an excellent model in which to study the
role of KYNA during development and, in particular, to ex-
amine its role in the absence of concomitant changes in the
quinolinic acid branch of the kynurenine pathway. Moreover,
mKat-2�/� mice also provide a valuable tool for examining the

TABLE 3. Quantification of dendritic spinesa

Sample and age

No. of spines/10-�m dendritic length

Primary dendrites Secondary dendrites

Wild type mKat-2�/� Wild type mKat-2�/�

Cortex
PND 21 7.37 
 0.40 10.07 
 0.16* 7.81 
 0.14 9.75 
 0.58*
2 mo 8.06 
 0.16 8.22 
 0.17 7.67 
 0.12 7.96 
 0.27

Striatum
PND 21 9.05 
 0.27 10.38 
 0.25* 9.48 
 0.26 10.79 
 0.29*
2 mo 9.21 
 0.30 8.85 
 0.31 9.52 
 0.29 9.28 
 0.25

a Quantification of dendritic spines was performed as described in Materials
and Methods. Data are the mean 
 SEM from 12 to 15 dendrites per experi-
mental group. *, P � 0.05 versus wild type. The effect of group was tested at
0.05/4 � 0.0125 to account for multiple testing using a Bonferroni correction.
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role of KYNA and other kynurenines in brain pathology. Ab-
normalities in cerebral kynurenine pathway metabolism have
been identified in several diseases affecting the human brain
and may have primary or secondary roles in pathophysiology
(59). Pharmacological interventions aimed at normalizing
these impairments have been proposed to provide clinical ben-
efits (53, 60). Ongoing studies are therefore designed to fur-
ther characterize normal and abnormal glutamatergic and cho-
linergic function in mKat-2�/� mice and to use the animals for
studying the pathogenesis and treatment of neurological and
psychiatric disorders.
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