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Abstract
We describe here a GC/MS/MS method for the sensitive and concurrent determination of
extracellular tryptophan and the kynurenine pathway metabolites kynurenine, 3-
hydroxykynurenine (3-HK) and quinolinic acid (QUIN) in rat brain. This metabolic cascade is
increasingly linked to the pathophysiology of several neurological and psychiatric diseases.
Methodological refinements, including optimization of MS conditions and addition of deuterated
standards, resulted in assay linearity to the low nanomolar range. Measured in samples obtained
by striatal microdialysis in vivo, basal levels of tryptophan, kynurenine and QUIN were 415, 89
and 8 nM, respectively, but 3-HK levels were below the limit of detection (<2 nM). Systemic
injection of kynurenine (100 mg/kg, i.p.) did not affect extracellular tryptophan but produced
detectable levels of extracellular 3-HK (peak after 2-3 h: ~50 nM) and raised extracellular QUIN
levels (peak after 2 h: ~105 nM). The effect of this treatment on QUIN, but not on 3-HK, was
potentiated in the NMDA-lesioned striatum. Our results indicate that the novel methodology,
which allowed the measurement of extracellular kynurenine and 3-HK in the brain in vivo, will
facilitate studies of brain kynurenines and of the interplay between peripheral and central
kynurenine pathway function under physiological and pathological conditions.
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INTRODUCTION
Mounting evidence indicates that metabolites of the kynurenine pathway (KP), the major
catabolic route of dietary tryptophan in mammals (Fig. 1), play a significant role in biology.
Although several of these metabolites (collectively termed kynurenines) have been credibly
linked to peripheral immune function [1,2], age-associated endocrine disorders [3],
regulation of vascular tone [4] and cancer [5], most major advances have come from studies
of the central nervous system (CNS). Interest in the role of the KP in the CNS is mostly
related to the neuroactive properties of kynurenic acid (a neuroprotective glutamate and α7
nicotinic receptor antagonist; [6,7,8]) and the excitotoxic NMDA receptor agonist quinolinic
acid (QUIN; [9,10]). Also of interest to biologists is the ability of two other KP metabolites,
3-hydroxykynurenine (3-HK) and 3-hydroxyanthranilic acid, to both generate and scavenge
reactive free radicals [11,12]. Alone or jointly, these metabolites are involved in a number of
important neurophysiological processes and participate causally in neurological and
psychiatric diseases (see [13,14,15], for reviews). Pharmacological manipulation of the KP
therefore offers novel, attractive approaches to influence brain physiology and pathology
[16,17,18,19].

The dynamics of the KP within the normal and the dysfunctional brain, and the effect of
peripheral KP manipulations on the brain, have been explored in a series of studies,
conducted mainly in rodents. Briefly, tryptophan, kynurenine and 3-HK readily enter the
brain from the circulation, whereas the acidic metabolites kynurenic acid and QUIN appear
to be largely precluded from crossing the blood-brain barrier [20,21]. In the brain, KP
metabolism, initiated either by local synthesis or systemic influx of tryptophan, kynurenine
or 3-HK, occurs mainly in glial cells (cf. [16]), though neurons have been implicated as well
[22]. Interestingly, the two branches of the KP (Fig. 1) are segregated, with the formation of
kynurenic acid occurring in astrocytes, and the competing cascade, leading to 3-HK and its
downstream metabolites, taking place in microglial cells. However, the interplay between
peripherally derived and locally produced kynurenines is complex, depending on the
integrity of the brain tissue and, more generally, on the health status of the entire organism
[23,24,25].

As several cell types are involved in cerebral KP metabolism, and as the blood-borne
metabolites must enter the extracellular space before being accumulated by cells, the
dynamics of neuroactive KP metabolites in the brain are best studied by in vivo
microdialysis. This method has been successfully used to elaborate features of kynurenic
acid and QUIN neurochemistry in experimental animals, providing valuable information on
the role of these compounds in health and disease [26,27,28,29,30]. Other KP metabolites,
on the other hand, have so far not been studied by microdialysis, and there is only sporadic
mention of extracellular brain tryptophan in the literature [31,32].

Because the concentration of neuroactive kynurenines in the mammalian brain is in the
nanomolar range, sensitive detection methods, e.g. fluorescence or gas chromatography/
mass spectrometry (GC/MS), are required for analysis. Here, we used GC/MS/MS detection
with negative chemical ionization (CI), rather than the traditional electron impact (EI)
ionization or positive CI, focusing on the simultaneous measurement of tryptophan,
kynurenine and the two microglial KP metabolites 3-HK and QUIN in brain microdialysate
samples. This methodology, adapted from Eckstein et al. [33], provides improved selectivity
and sensitivity compared to other ionization techniques [34] and was selected because our
molecules of interest, after derivatization, can stabilize a negative charge and produce a
stable negative ion. We now report the successful application of this methodology to a
paradigmatic microdialysis study that was performed in the normal and excitotoxin-lesioned
rat striatum. Our goal was to simultaneously identify tryptophan and kynurenines in the

Notarangelo et al. Page 2

Anal Biochem. Author manuscript; available in PMC 2013 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



brain's extracellular compartment, to determine the effects of systemic kynurenine
administration on these analytes, and to evaluate these features in a widely used animal
model of the neurodegenerative disorder, Huntington's disease (HD).

MATERIALS AND METHODS
Animals

Adult male Sprague-Dawley rats (200-250 g; Charles River Laboratories, Kingston, NY,
USA) were used in all experiments. Animals were housed in a temperature-controlled,
AAALAC-approved animal facility on a 12/12h-light/dark cycle with free access to food
and water. The experimental protocol was approved by the Institutional Animal Care and
Use Committee of the University of Maryland School of Medicine.

Chemicals and gases
L-Tryptophan, 3-hydroxy-DL-kynurenine (3-HK), [2H6]L-kynurenine, quinolinic acid
(QUIN), N-methyl-D-aspartate (NMDA), ascorbic acid, ethyl acetate, as well as the
derivatizing reagents pentafluoropropionic anhydride (PFAA) and 2,2,3,3,3-pentafluoro-1-
propanol (PFP), were obtained from Sigma-Aldrich (St. Louis, MO, USA). L-Kynurenine
sulfate (“kynurenine”; purity: 99.4%) was obtained from Sai Advantium (Hyderabad, India).
[2H3]Quinolinic acid was purchased from Synfine Research (Richmond Hill, Ontario,
Canada), and [2H5]L-tryptophan was obtained from CDN Isotopes (Pointe-Claire, Quebec,
Canada). Formic acid was purchased from JT Baker (Phillipsburg, NJ, USA). Helium,
nitrogen and methane (all 99.999% purity) were obtained from Airgas (Salem, NH, USA).
The tuning standard perfluoro-5,8-dimethyl-3,6,9-trioxidodecane (PFDTD) was purchased
from Agilent Technologies (Santa Clara, CA, USA).

Instrument conditions
Some selected reaction monitoring (SRM) transitions used in this study were initially
described by Eckstein and colleagues [33], and instrument conditions were optimized as
described in “Results”. All data were collected using an Agilent 7890A-7000B gas
chromatograph (GC) tandem mass spectrometer (MS) equipped with a 7693A auto-sampler
(Agilent Technologies), operated in electron capture negative ionization (ECNI) mode. The
system was configured with a linear optical rail, and methane and nitrogen were used as the
ECNI reagent and collision gas, respectively. To mitigate the chemical noise created by the
meta-stable helium that can impede low level detection of the analytes of interest, atomic
helium was introduced into the collision cell.

The GC was configured linearly with 3 column sections consisting of a 50 cm × 0.25 mm
inner diameter (ID) HP-5MS film and two 15 m HP-5MS (0.25 mm ID × 0.25 μm film
thickness) columns connected with an Ultimate Union and a Purged Ultimate Union,
respectively (all obtained from Agilent Technologies). Helium was used as a carrier gas with
flow rates of 1.1 mL/min and 1.2 mL/min for columns 1 and 2, respectively. Nitrogen flow
in the collision cell was 1.5 mL/min, and the helium quench flow was 2.25 mL/min. One μL
injection volumes were made into a 250°C split/splitless inlet in pulsed, splitless mode. The
oven temperature program was as follows: 60°C for 1 min, 13°C/min to 230°C, for a total
run time of 14.08 min. A post-run backflush program was configured with an oven
temperature of 300°C, an auxiliary pressure of 35 psi and an inlet pressure of 1 psi for 4
min. The temperature of the CI source and of the quadrupoles (Q1and Q3) was 150°C. The
ECNI reagent gas flow was 40% (2.0 mL/min), and the filament emission current was 50
μA. The mass spectrometer was tuned and calibrated using PFDTD on m/z 185, 351 and
449. SRM transitions for each analyte are listed in Table 1, and the predicted structures of
the derivatized compounds are shown in Figure 2.
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Derivatization of tryptophan and kynurenines
The derivatization procedure described by Watson et al. [35] was adapted to determine
tryptophan, kynurenine, 3-HK and QUIN. Standards were dissolved in 0.1 M NaOH
containing 0.1% (w/v) ascorbic acid and diluted to the final concentration with 1% (v/v)
aqueous formic acid. To determine the content of the analytes in brain microdialysate (see
below), 50 μL of a solution containing internal standards (500 nM [2H5]L-tryptophan, 10
μM [2H6]L-kynurenine and 50 nM [2H3]quinolinic acid) in 1% aqueous formic acid were
added to 50 μL of the biological sample. The mixture was dried down under vacuum in a
glass tube (90 min; room temperature; SpeedVac, Thermo Scientific, Asheville, NC, USA).
The samples were reconstituted using 120 μL of PFP and 130 μL of PFAA (75°C for 30
min), dried down again, and taken up in 50 μL of ethyl acetate. One μL was then injected
into the GC.

In vivo microdialysis
Rats were anesthetized using chloral hydrate (360 mg/kg, i.p.) and placed in a stereotaxic
frame (David Kopf, Tujunga, CA, USA). A guide cannula (0.65 mm o.d., SciPro, NY, USA)
was positioned unilaterally or bilaterally above the striatum (AP: 1.0 anterior to bregma, L:
± 2.5 from the midline, V: 3.0 mm below the dura) and anchored to the skull with screws
and dental cement. On the following day, a microdialysis probe (SciPro, membrane length: 2
mm) was inserted through the guide cannula, extending vertically 2 mm beyond the
implanted guide. The probe was then perfused with Ringer solution (in mM: NaCl, 144;
KCl, 4.8; MgSO4, 1.2; CaCl2, 1.7; pH 6.7) at a rate of 1 μL/min. Samples were collected
hourly in Eppendorf tubes and placed on ice for the duration of the experiment.

Naïve rats were sampled for 5 consecutive hours. Microdialysates from animals that had
received intrastriatal injections one week earlier (see below) were collected for 1-2 h to
obtain baseline values. Animals then received an i.p. injection of kynurenine (100 mg/kg),
and dialysis was continued for 7 h.

Samples were stored at -80°C until analysis. The concentrations of the analytes were not
corrected for recovery from the microdialysis probe.

Striatal NMDA lesion
Rats were anesthetized with chloral hydrate and placed in a stereotaxic frame (see above).
NMDA (8 μg/2 μL), dissolved in phosphate-buffered saline (PBS; pH 7.4), was then infused
over 10 min into the striatum [36]. The injection coordinates were: AP: 1 mm anterior to
bregma, L: ± 2.7 mm from the midline, V: 4.7 mm below the dura. The contralateral
striatum received an identical injection of 2 μL PBS.

One week later, animals were implanted with bilateral guide cannulae. On the next day,
microdialysis was performed simultaneously in the lesioned and contralateral striatum, as
described above.

Following in vivo microdialysis, the animals were euthanized, and the success of the lesion
was evaluated by determining striatal glutamate decarboxylase (GAD) activity [36].

Statistics
Results are expressed as the mean ± SEM. One-way or two-way ANOVA followed by
Bonferroni's post-hoc test were used in microdialysis studies. Baseline metabolite values in
lesioned and contralateral striata were compared using paired Student's t-test, and unpaired
Student's t-test was applied to compare baseline metabolite levels in striata from naïve rats
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and lesioned striata. Differences in GAD activity were determined by paired Student's t-test.
In all cases, a p value of <0.05 was considered significant.

RESULTS
Assay procedure

In addition to the SRM transitions previously used by Eckstein et al. [33], several
modifications were introduced to improve assay quality. First, the optimal product ion for
kynurenine was found to be 442.0 instead of 218.0, leading to a unique product ion for this
analyte and thus optimizing the selectivity of the assay. Second, the transitions for all
internal standards, which had not been used by Eckstein and his collaborators, were newly
established (Table 1). Finally, we introduced hardware modifications such as the 3 column
sections and column backflush to improve instrument performance and maintenance. As a
result of the novel GC and MS instrumentation used, experimental conditions had to be
optimized empirically, especially with respect to collision cell energies.

Three internal standards were added to all standard solutions and test samples before
derivatization and sample preparation. Since their intensities co-varied, [2H6]L-kynurenine
was used as the internal standard for both kynurenine and 3-HK. Standard curves were
constructed by plotting the area ratio of each analyte relative to its deuterated internal
standard versus concentration. Linearity of the response was determined for all compounds,
and correlation coefficients (R2) were ≥0.995 over the concentration range of 10 to 1000 nM
for tryptophan and kynurenine, and 1 to 1000 nM for 3-HK and QUIN. The percent relative
standard deviation (%RSD, or coefficient of variation) was <2 for QUIN, kynurenine and
tryptophan and <8 for 3-HK (8 replicates each). SRM chromatograms for standards are
shown for each transition (Fig. 3).

Simultaneous determination of extracellular tryptophan and kynurenines
Chromatography of samples derived from rat brain microdialysate resulted in well resolved
symmetrical peaks that allowed the simultaneous determination of tryptophan, kynurenine,
3-HK and QUIN. However, we noted that the selectivity of the SRM transitions might have
suffered from isobaric interference in the dialysate, causing slight inconsistencies when
measuring the analytes in the biological samples. The routine use of internal standards was
therefore required to optimize normalization of these effects and also increased accuracy and
reproducibility of the assay.

We first determined the basal levels of tryptophan and its metabolites in striatal
microdialysates from 5 naïve rats, measuring the content of the analytes in 5 consecutive
hourly fractions. With the exception of 3-HK (levels were below the limit of detection, i.e.
<2 nM), the compounds were readily detectable, measuring 415.0 nM (tryptophan), 88.9 nM
(kynurenine) and 8.3 nM (QUIN) on average (Table 2).

Extracellular metabolite levels in the NMDA-lesioned striatum
Tryptophan, kynurenine and QUIN (but not 3-HK) were also readily measurable in
microdialysates obtained from rats receiving intrastriatal injections of NMDA or PBS one
week earlier. No significant differences in baseline levels were observed in NMDA-injected
striata compared to either contralateral, PBS-injected striata or striata from naïve rats
(p>0.05 each). In particular, baseline 3-HK levels remained <2 nM in all these animals
(Table 2).
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Compared to the contralateral, PBS-injected striatum, GAD activity in the NMDA-treated
tissue was reduced by 40 ± 4 % (p<0.001), attesting to significant neuronal loss following
the local injection of the excitotoxin.

Effects of systemic kynurenine administration
In animals receiving intrastriatal injections of NMDA or PBS one week earlier, systemic
administration of kynurenine (100 mg/kg, i.p.) caused significant, transient changes in the
extracellular levels of kynurenine and QUIN. Notably, we were also able to measure
extracellular 3-HK in striatal microdialysates from these kynurenine-treated animals.

As expected, tryptophan levels remained unaffected by the systemic administration of
kynurenine (p>0.05; Fig. 4A). In contrast, reflecting prompt brain influx of peripherally
applied kynurenine [37], extracellular kynurenine levels in both the PBS-treated (control)
and the NMDA-lesioned striatum rose quickly and dramatically, peaking in the first
microdialysis fraction. This rise in kynurenine levels was more pronounced in the NMDA-
lesioned tissue (p<0.01), reaching a zenith of 2090 ± 308 nM after 1 h (Fig. 4B).

As shown in Fig. 4C, 3-HK concentrations reached a peak of ~50 nM 2 h following the
kynurenine injection, yet no differences were observed between the lesioned and the control
striatum. In both tissue, the levels of extracellular 3-HK remained relatively stable until 3 h
after i.p. kynurenine administration and then declined slowly during the next 4 h. Notably,
extracellular 3-HK levels in both tissues were still measurable after 7 h, i.e. at the end of our
collection period.

Extracellular QUIN levels also increased following the systemic administration of
kynurenine (Fig. 4D). Compared to baseline values, QUIN levels were elevated 6- and 10-
fold during the first hour in PBS- and NMDA-lesioned striata (p<0.05 and 0.001,
respectively). The difference in these increases between the two tissues was highly
significant (p<0.001). In both cases, QUIN levels gradually returned to baseline between 2 h
and 7 h after the kynurenine injection.

DISCUSSION
The present paper describes a sensitive method that can be used for the simultaneous
determination and quantification of tryptophan, kynurenine, QUIN, and, conditionally, 3-
HK in microdialysate samples from rat brain. To meet the analytical challenge, we used GC/
MS/MS in ECNI mode, an established technique for measuring amino acids and their acidic
metabolites concurrently and with high sensitivity [38,39], and refined the method of
Eckstein et al. [33] by adding internal standards for each analyte and optimizing MS
conditions. Compared to Eckstein et al., we replaced methyl t-butyl ether with ethyl acetate,
which enhanced the stability of the derivatized analytes due to its higher boiling point. The
use of ethyl acetate also allowed us to start the GC run at 60°C, i.e. 10°C below the boiling
point of the solvent, creating a tight band of analytes at the column head and resulting in
superior peak shapes. Moreover, we replaced argon with the equally effective, but more
readily available and less costly, nitrogen as the collision gas. Finally, a new product ion for
kynurenine (442 instead of 218) was determined empirically to provide a more selective ion
transition for this analyte, boding well for future applications in tissue and other biological
matrices. These modifications produced significant improvements in selectivity and
reproducibility, resulting in linear responses for each analyte down to the low nanomolar
range, as required for the present study.

Further advances were made by introducing a pre-column connected from the inlet to the
first column by a zero-dead volume stainless steel union. This configuration provided two
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significant benefits compared to previous assays: a) quick and ventless replacement of the
first column yielded highly reproducible retention times; and b) column backflush further
reinforced retention time precision, mitigated matrix build-up on the columns over
subsequent injections, improved spectral (SRM) quality and greatly reduced the need for
source maintenance. Using this configuration, the chromatographic run time was 14 min,
permitting three runs per hour, including the 4 min post-run backflush. Taken together, these
methodological improvements resulted in a sensitive, selective and accurate method for the
simultaneous measurement of tryptophan and its catabolic products in a biological matrix. It
should be added that, in principle, analysis can also be performed on a 30 m column
connecting the inlet to the mass spectrometer. However, under these conditions, we
encountered retention time instability, increased need for column maintenance (i.e.
“clipping” the column head) and reduction in overall method robustness. The use of intra-
column backflush addressed these issues through efficient removal of heavy matrix build-up
on the analytical column, thus avoiding rapidly decreasing column performance.
Additionally, the use of a coated pre-column eliminated the need for column clipping, as it is
possible to quickly install a new 50 cm section of column without venting the system.

The assay procedure described here permitted the concurrent determination of basal levels
of tryptophan, kynurenine and QUIN levels in 60-min microdialysis fractions from the rat
striatum. The concentrations of extracellular tryptophan, kynurenine and QUIN in naïve rats
were in line with studies using various detection methods, including ECNI [31,32,40,41].
Interestingly, ambient kynurenine levels in brain microdialysates from normal rats (~500 nM
when corrected for the ~20% recovery from the dialysis probe) were only slightly lower than
kynurenine concentrations in rat brain tissue and serum, respectively [42,43]. This suggests
that the kynurenine concentration in the brain's extracellular compartment is homeostatically
controlled by blood-borne kynurenine [20] and, possibly, efflux from brain cells [44].

In contrast to kynurenine, we were unable to measure basal extracellular 3-HK with our
methodology (detection limit: ~2 nM). In light of the fact that 3-HK levels in serum are
approximately 30 times lower than those of kynurenine [45], this was not entirely
unexpected, assuming that brain 3-HK, if it is present extracellularly at all, is exclusively
blood-derived. These data support the hypothesis that 3-HK enters the brain from the
circulation using the same large neutral amino acid transporter as kynurenine and
tryptophan, albeit with a somewhat lower efficiency [20,21]. In the brain, 3-HK is avidly
accumulated [46] for further sequestration en route to QUIN. Our inability to detect the
metabolite in brain dialysate therefore also indicates that no, or only very little, 3-HK is
normally released into the extracellular compartment after being accumulated from the
circulation or synthesized locally in microglia [47,48,49].

After establishing baseline values of extracellular tryptophan, kynurenine and QUIN, we
used our methodology to examine the acute effects of a systemic administration of
kynurenine, which has long been known to increase the levels of neuroactive KP metabolites
in the brain [50]. As anticipated, this treatment caused a prompt surge in extracellular
kynurenine in the brain, with levels reaching 1.2 μM within one hour (Fig. 4B). In the same
samples, no changes were seen in the concentration of extracellular tryptophan, which
remained constant throughout the entire 7-h collection period. Notably, however, systemic
kynurenine application allowed us to detect 3-HK in the extracellular fluid. Levels were
already measurable after one hour, peaked during the second hour and then decreased
gradually, but were still quantifiable after 7 h. Although definitive differentiation between
blood-borne and locally produced 3-HK must await further experimentation, preliminary
studies indicated that striatal inhibition of 3-HK neosynthesis [51] failed to prevent the rise
of extracellular 3-HK and QUIN in the brain after systemic kynurenine application (data not
shown). This favors a scenario in which extracellular 3-HK in the brain derives from
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kynurenine in the periphery, and then crosses the blood-brain barrier through the common
large neutral amino acid transporter [21].

Kynurenine-induced increases in extracellular QUIN levels followed a similar time course
as 3-HK. Since QUIN crosses the blood-brain barrier poorly [21], and since intracerebral
application of even millimolar kynurenine fails to augment extracellular QUIN locally [52],
the surge was very likely triggered by local QUIN synthesis from 3-HK or 3-
hydroxyanthranilic acid, secondary to the brain uptake of the blood-borne precursors (see
above and [25]). In support of this interpretation, extracellular QUIN levels in the brain can
be readily increased by reverse dialysis of 10 μM 3-hydroxyanthranilic acid, the immediate
product of 3-HK degradation and bioprecursor of QUIN (Fig. 1; [52]). Notably, increased
levels of extracellular 3-hydroxyanthranilic acid are also seen after systemic kynurenine
administration [53].

Excitotoxic striatal lesions provide a heuristically useful model of HD, a disorder associated
with increased metabolism along the QUIN branch of the KP (see [54], for review). It
therefore seemed sensible to compare the dynamics of our 4 analytes in the lesioned striatum
and the contralateral, vehicle-treated striatum using the newly developed methodology.
Somewhat surprisingly, in view of the substantial increase in extracellular kynurenic acid
and the pronounced activation of several KP enzymes in the lesioned striatum [55,56],
extracellular tryptophan, kynurenine and QUIN showed only a modest, non-significant trend
towards elevated baseline levels, and extracellular 3-HK remained unmeasurable (Table 1).
With the exception of a relatively minor increase in extracellular kynurenine in the lesioned
striatum in the first 60-min fraction, extracellular tryptophan, kynurenine and 3-HK levels in
the lesioned tissue also did not differ from those measured in the contralateral, PBS-treated
striatum after a systemic kynurenine injection (Fig. 4). This indicates that the large neutral
amino acid transporter is not substantively impaired when blood-brain barrier permeability
is increased due to excitotoxic tissue damage [57]. Moreover, our results suggest that
extracellular 3-HK in the brain emanates mostly from 3-HK in the blood. Thus, in spite of
the fact that the biosynthetic enzyme of 3-HK, kynurenine 3-monooxygenase, is activated
after a lesion and causes a significant increase in 3-HK neosynthesis locally [54],
extracellular 3-HK was not elevated in lesioned tissue after systemic kynurenine
administration (Fig. 4C). It follows that 3-HK formed within the brain does not appear to
enter the extracellular compartment, though it is readily degraded to QUIN intracellularly. In
contrast, systemic kynurenine administration resulted in significantly higher extracellular
QUIN levels in the NMDA-lesioned compared to the contralateral control striatum. This
potentiation is likely related to the pronounced microglial activation and/or macrophage
infiltration at the lesion site. These cells harbor the two enzymes that are sequentially
responsible for the conversion of 3-HK to QUIN (kynureninase and 3-hydroxyanthranilic
acid 3,4-dioxygenase; [58]), and both these enzyme activities, like kynurenine 3-
monooxygenase (see above), are dramatically increased in response to an excitotoxic insult
[56]. Notably, increased formation and release of QUIN has been shown in the
excitotoxically lesioned rat striatum after local application of the immediate bioprecursor 3-
hydroxyanthranilic acid, using both microscopic and biochemical outcome measures
[52,59,60].

The methodological advance described here also has significant pathophysiological
ramifications. Thus, impaired KP metabolism does not only appear to play a role in the
etiology of HD and other neurodegenerative diseases, but is increasingly understood to
participate actively in major psychiatric diseases including depressive disorders and
schizophrenia ([61,62]; cf. Introduction). Because of the well-established connection
between the KP and the immune system, hypotheses linking KP dysfunction to brain
pathology frequently focus on neuro-immune interactions as core pathogenic mechanisms.
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Exciting new discoveries, for example the demonstration that kynurenine directly affects
endothelial cells and thus influences vascular relaxation and blood pressure [4], further
emphasize the need to study the dynamics of the entire KP, and especially the interplay
between peripheral and central KP function, in greater detail. Our improved GC/MS/MS
method should facilitate these studies and should also prove to be of value for the
development and assessment of therapeutic interventions that are based on the manipulation
of KP metabolism within or outside the brain.
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Figure 1.
The kynurenine pathway of tryptophan degradation.
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Figure 2.
Predicted derivatized structures of the 4 analytes measured in this study. Molecular weights
(MW) of the derivative and the parent compound (in parenthesis) are indicated.
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Figure 3.
Representative GC/MS/MS chromatogram of analyte standards (1000 nM). “Counts”
indicate the intensity of each trace. The top trace depicts the total ion chromatogram of the
GC/MS run. Below are selected reaction monitoring (SRM) traces of individual standards
and internal standards.
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Figure 4.
Effects of systemically administered kynurenine (100 mg/kg, i.p.; arrows) on the
extracellular concentration of tryptophan (A) kynurenine (B) 3-HK (C) and QUIN (D) in the
striatum of rats that had received intrastriatal injections of NMDA (“lesioned striatum”) or
PBS (“contralateral striatum”) one week earlier (n = 6). Concentrations were not corrected
for recovery from the microdialysis probe. With the exception of 3-HK (levels <2 nM, i.e.
below the detection limit), baseline values for these animals are reported in Table 2. All
metabolites were determined in the same samples. Data are the mean ± SEM. *p<0.05, **
p<0.01, ***p<0.001 vs. the contralateral striatum (two-way ANOVA followed by
Bonferroni's post-hoc test).
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Table 2

Baseline concentrations of extracellular tryptophan, kynurenine, 3-HK and QUIN in the rat striatum.

Metabolite (nM) Naïve lesioned (7 days) Contralateral (7 days)

Tryptophan 415.0 ± 28.4 621.6 ± 66.0 481.8 ± 100.0

Kynurenine 88.9 ± 3.0 113.4 ± 13.0 72.7 ± 14.2

3-HK <2 <2 <2

QUIN 8.3 ± 0.5 11.4 ± 3.8 6.1 ± 1.0

Data from naïve animals (n = 5) are the average of 5 consecutive 1-h microdialysate fractions. The other samples were collected over 1-2 h from 6
animals that had received intrastriatal injections of NMDA (8 μg/2 μL; “lesioned”) or vehicle (PBS; “contralateral”) one week earlier. Data are the
mean ± SEM. p>0.05, comparing lesioned striata to either contralateral striata (paired Student's t-test) or striata from naïve rats (unpaired Student's
t-test).
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