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Abstract

Background—Cytokine induction of the enzyme indoleamine 2,3-dioxygenase (IDO) has been
implicated in the development of major depressive disorder (MDD). IDO metabolizes tryptophan
(TRP) into kynurenine (KYN), thereby decreasing TRP availability to the brain. KYN is further
metabolized into several neurotoxins. The aims of this pilot were to examine possible relationships
between plasma TRP, KYN, and 3-hydroxyanthranilic acid (3-HAA, neurotoxic metabolite) and
striatal total choline (tCho, cell membrane turnover biomarker) in adolescents with MDD. We
hypothesized that MDD adolescents would exhibit: i) positive correlations between KYN and 3-
HAA and striatal tCho and a negative correlation between TRP and striatal tCho; and, ii) the
anticipated correlations would be more pronounced in the melancholic subtype group.

Methods—Fourteen adolescents with MDD (seven with melancholic features) and six healthy
controls were enrolled. Minimums of 6 weeks MDD duration and a severity score of 40 on the
Children’s Depression Rating Scale-Revised were required. All were scanned at 3 Tesla with MR,
multi-voxel 3-dimensional, high, 0.75 cm3, spatial resolution proton magnetic resonance
spectroscopic imaging. Striatal tCho concentrations were assessed using phantom replacement.
Spearman correlation coefficients were Bonferroni-corrected.

Results—Paositive correlations were found only in the melancholic group, between KYN and 3-
HAA and tCho in the right caudate (r=0.93, p=0.03) and the left putamen (r=0.96, p=.006),
respectively.

Conclusions—These preliminary findings suggest a possible role of the KYN pathway in
adolescent melancholic MDD. Larger studies should follow.
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INTRODUCTION

Research of adolescent major depressive disorder (MDD) is highly important in light of the
disorder’s significant morbidity, and most critically, risk of suicide. Moreover, focusing on
early-onset MDD may minimize the confounding effects of chronicity, treatment, and aging.
Atthe same time, there is consensus that adolescent MDD is a heterogeneous clinical syndrome
that reflects multiple etiologies. Yet, research identifying biological correlates of clinical
subtypes of adolescent MDD has been scarce.

Mounting evidence has linked immune system activation with MDD. Clinical studies have
documented increased pro-inflammatory cytokine plasma levels in adult and pediatric MDD
(Gabbay et al., 2009; Irwin and Miller, 2007). One possible pathway linking cytokines with
MDD involves the induction of the enzyme indoleamine 2,3-dioxygenase (IDO) by pro-
inflammatory cytokines, particularly interferon-y. IDO is the rate-limiting enzyme of the
kynurenine pathway (KP) which metabolizes tryptophan (TRP) into kynurenine (KYN),
thereby shunting TRP from the synthesis of serotonin. KYN is further metabolized into several
neurotoxins, including 3-hydroxykynurenine (3-HK), 3-hydroxyanthranilic acid (3-HAA), and
quinolinic acid (QUIN) (Goldstein et al., 2000; Schwarcz et al., 1983). In a competing branch
of the KP, KYN is metabolized into kynurenic acid (KA), which blocks the neurotoxic effects
of QUIN (Sapko et al., 2006). Activation of the KP has been hypothesized to contribute to glial
loss and neuronal atrophy in specific brain regions in MDD (Myint et al., 2007; Wichers et al.,
2005). This concept is supported by findings of enhanced KP activity and increased neurotoxic
metabolite load in the plasma of adults with MDD compared to controls and in adults
undergoing immunotherapy who developed depressive symptoms (Capuron et al., 2003; Myint
et al., 2007; Wichers et al., 2005). While no studies have examined the KP in specific MDD
subtypes, several investigations have reported lower values of plasma TRP/competing amino
acids in adults with melancholic MDD compared to non-melancholic MDD and controls
(Anderson et al., 1990; Maes et al., 1994; Maes et al., 1996), suggesting a role of the KP in
melancholic MDD. However, findings based on plasma metabolite levels cannot be readily
extrapolated to the central nervous system (CNS).

The use of proton magnetic resonance spectroscopic imaging (*H MRSI) has the major
advantage of affording in vivo non-invasive assessment of specific brain metabolites. Of
relevance to MDD research is the brain metabolite total choline (tCho), which is associated
with membrane phospholipid turnover, myelin breakdown, or changes in glial density, which
have been documented in MDD (Hercher et al., 2009). As such, tCho alterations may result
from KP metabolite neurotoxicity (See Fig. 1 for illustration of the KP and its relationship with
tCho in MDD). Total Cho alterations have been repeatedly documented in adult and pediatric
MDD (See Yildiz-Yesiloglu and Ankerst, 2006 for meta-analysis of 1H MRS studies in MDD).
Studies of tCho in pediatric MDD have yielded diverse findings in different brain regions
(Caetano, et al., 2005; Farchione, et al., 2002; Kusumakar, et al., 2001; Steingard et al.,
2000). Focusing on the striatum, most studies in adult MDD have found increased tCho
(Charles, et al., 1994; Hamakawa, et al., 1998; Vythilingam, et al., 2003), with only one study
in adults yielding opposite results of decreased tCho/tCr (Renshaw, et al., 1997). Our group
also documented increased tCho in the left caudate in adolescents with MDD (Gabbay et al.,
2007). Other metabolites include the putative neuronal viability marker, N-acetyl-aspartate
(NAA), and the cell bioenergetics component, total creatine (tCr). NAA and tCr alterations
have not been consistently documented in most studies in MDD (Yildiz-Yesiloglu and Ankerst,
2006).

In this pilot, we aimed to examine relationships between plasma TRP, KYN, and 3-HAA
concentrations and striatal tCho, NAA, and tCr in adolescents with MDD and controls with a
focus on melancholic adolescent MDD. We examined the striatum (caudate and putamen) in
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light of the large body of evidence implicating these structures in pediatric and adult MDD
(Baumann et al., 1999; Forbes et al., 2009; Gabbay et al., 2007; Kim et al., 2008; Lacerda et
al., 2003; Matsuo et al., 2008; Tremblay et al., 2005). Based on the above, hypotheses were
that: i) only adolescents with MDD would exhibit positive correlations between KYN and 3-
HAA and striatal tCho, and a negative correlation between TRP and striatal tCho, and; ii) the
anticipated correlations would be more pronounced in the melancholic subtype group. No
hypotheses were made regarding NAA and tCr since these metabolites have not been
implicated in most 1H MRS studies of MDD.

MATERIALS AND METHODS

I. Subjects

The study was approved by the New York University (NYU) Institutional Review Board and
the New York City Health and Hospital Corporation. Subjects described here were part of a
previous *H MRSI study (Gabbay et al., 2007).

MDD Group—TFourteen adolescents with MDD (eight female, 57%), ages 13-19 (16.5£2.0)
were enrolled. All MDD subjects had to have a minimum duration of 6 weeks of a depressive
episode and a minimum severity score of 40 on the Children’s Depression Rating Scale —
Revised (CDRS-R).

Melancholic MDD—The DSM-IV requires either severe anhedonia or lack of mood
reactivity (Criteria A), and at least three of the following: distinct quality of depressed mood,
marked psychomotor retardation or agitation, excessive guilt, mood worsening in the morning,
and neurovegetative symptoms including sleep and appetite disturbances (Criteria B). We used
a conservative diagnostic approach for melancholic MDD and required the presence of
anhedonia and lack of mood reactivity along with at least 3 symptoms from Criteria B. By our
study criteria, seven of the MDD subjects (three females, 43%), ages 13-19 (16.2+2.1) had
melancholic features.

Non-Melancholic MDD—Seven adolescents with MDD (5 female, 71%), ages 13-19 (16.9
+1.9) had non-melancholic, reactive MDD.

Adolescents with MDD were enrolled from the NYU Child Study Center, the NYU Tisch
inpatient psychiatric unit, and the Bellevue Department of Psychiatry.

Healthy Controls—Six healthy comparison subjects (four female, 67%), ages 12-19 (16.2
+2.4), recruited from families of NYU staff.

Participants age 18 and 19 (n =4) provided signed informed consent; those under age 18
provided assent, and a parent signed consent. Adolescents (patients and controls) and a parent
were interviewed by a child and adolescent psychiatrist using the Schedule for Affective
Disorders and Schizophrenia-Present and Lifetime Version for Children (K-SADS-PL)
(Kaufman et al., 1997), a semi-structured psychiatric interview. Based on the interview, the
psychiatrist rated severity of depression on the CDRS-R, and overall adjustment on the
Children’s Global Assessment Scale (C-GAS). Participants completed the Beck Depression
Inventory, 2" ed. (BDI-11) and the Beck Scale for Suicidal Ideation (BSS).

Baseline medical assessments included medical history and laboratory tests, including
complete blood count, metabolic panel, liver and thyroid function tests, urine toxicology test,
and urine pregnancy test for females.
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Exclusion criteria for all subjects included: immune-affecting medications taken in the past six
months, any immunological or hematological disorder, chronic fatigue syndrome, any infection
in the month prior to enrollment (including the common cold), significant medical or
neurological disorders, a positive urine toxicology test, and in females, a positive urine
pregnancy test.

The following lifetime psychiatric disorders were exclusionary for subjects with MDD: i)
bipolar disorder, ii) schizophrenia, iii) pervasive developmental disorder, iv) post-traumatic
stress disorder, v) obsessive-compulsive disorder, vi) Tourette’s disorder, vii) eating disorder,
and viii) a substance-related disorder in the past 12 months. Control subjects could not meet
criteria for any major current or past DSM-1V diagnosis, and could not be taking psychotropic
medications.

II. Determination of Kynurenine Pathway Metabolite Concentrations

All blood samples (10 ml) were drawn between 08:00-09:00AM after an overnight fast (>12h),
processed within 20 minutes of collection, and stored at —80°C. All analyses were conducted
by SM and LL, who were blind to the clinical status of subjects.

Calibration curves were prepared from stock solutions (100ug/ml) to yield the respective levels
of TRP (1, 2, 4, 8, 12, and 14 ug/ml); KYN (0.05, 0.1, 0.2,0.4, 1, 2, 4, and 5 pg/ml); and 3-
HAA (0.1, 0.2, 0.4, 0.8, 2, and 3 ug/ml) in double distilled grade water and human plasma.
The internal standard (3-nitro-L-tyrosine, 1 mg/ml) was also added to all calibration standards
for recovery purposes.

Plasma (0.20 ml) was combined with 5 pl of 1 ug/ul 3-nitro-L-tyrosine followed by the addition
of 0.20 ml of 0.05M KH,PO4 (pH 6.2). Subsequently, 50 pl of cold 2 M trichloroacetic acid
were added, followed by vigorous vortexing. The mixture was centrifuged at 9,500 rpm for 10
minutes, and the supernatant was transferred into autosampler vials for analysis by high-
performance liquid chromatography (HPLC). Aliquots of 200 pl of the supernatant were
injected into the chromatographic system using a WISP model 717 autosampler (Waters
Associates, Milford MA).

The eluted components of interest were detected as follows: (i) KYN and 3-nitro-L-tyrosine
by tandem monitoring with UV absorption at 360 nm; (ii) TRP and 3-HAA by fluorescence
monitoring at 340 nm (with UV excitation at 285 nm). A gradient elution was used for
development of the chromatography in the following manner: The gradient consisted of a
combination of two buffers: A (40 mM citrate buffer/0.1 mM succinic acid, disodium salt/
0.05% sodium azide), and B (60% methanol/40 mM citrate buffer/0.1 mM succinic acid,
disodium salt/0.05% sodium azide). The following sequence of steps was employed: 0-3 min,
0% B; 3-12 min, 0% B to 65%B (linear gradient); 12-18 min, 65% B; 18-20 min, 65% B to
100% B; 20-24 min 100% B; 24-26 min, 100% B to 0% B (linear gradient); 26—-30 min 0%
B. A flow rate of 0.8 ml/min was used during the 30 minute elution sequence of the analytical
HPLC C18 column (4.6 x 150-mm, 5um, Luna C18, Phenomenex, Torrance, CA).

lll. MR Data Acquisition

All experiments were done in a 3 Tesla (T) whole-body Magnetic Resonance Imaging (MRI)
scanner (Trio, Siemens AG, Erlangen, Germany) using a TEM3000 transmit-receive head coil
(MRI Instruments, Minneapolis, MN). For image-guidance of the MRS volume-of-interest
(\VOI), we used a sagittal 3D Magnetization Prepared RApid Gradient Echo (MP-RAGE): TE/
TR/TI=2.7/2000/800 ms; and axial T,-weighted: TE/TR=93/9090 ms, MRI. Both contrasts
were acquired with 240x240 mm? field-of-view (FOV), but at 512x512 matrices and 3 mm
thick slices for the T, and 256x256 matrices and 0.9 mm thick slices for the MP-RAGE.
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A 10 cm anterior-posterior (AP) x7 cm left-right (LR) x6 cm inferior-superior (1S)=420 cm3
VOI was image-guided onto the anatomy of interest, as shown in Fig. 2 and our chemical-shift
imaging (CSI) based automatic shim procedure yielded consistent 23+3 Hz water linewidth
from that volume (Hu et al., 1995). The VOI was excited using point-resolved spectroscopy
(PRESS) TE/TR=135/1600 ms. Its selective 90° pulse interleaved two fourth-order Hadamard-
encoded axial slabs (8 slices) per TR for optimal signal-to-noise-ratio (SNR) and duty-cycle
(Goelman et al., 2006). This also enabled the use of 4 mT/m, gradients along the IS direction
to limit chemical shift displacement between N-acetylaspartate (NAA) and tCho to 1 mm,
i.e., just ~15% of the slices’ width (Goelman et al., 2007). The eight slices were 16x16 CSI
encoded over 16x16 cm2 FOV yielding 0.75 cm3 voxels. The VOI was defined in the slices’
LRXAP planes by two 12.8 ms long 180° numerically-optimized radio-frequency pulses. Under
1.0 (AP) and 1.2 mT/m (LR) gradients they sustained ~0.3 cm (30%) chemical shift
displacement (but only at the VOI edges). The signals were acquired for 512 ms at +1 KHz
bandwidth. The MRS took 27 minutes and the entire protocol was completed in less than one
hour.

MRS Post Processing and quantification—The MRS data were processed offline using
in-house software. Residual water was removed from the free induction decays in the time
domain. The data voxel-shifted to align the CSI grid with the NAA VOI, zero-filled from
16x16x8 to 256x256x8, apodized with a 3 Hz Lorentzian, Fourier transformed in the temporal,
LR and AP direction and Hadamard reconstructed along the IS orientation. Although zero-
filling does not add any new information content to the raw data, our rationale for choosing
this strategy is that it can increase both the voxel signal-to-noise-ratio by approximately 40%
(Ebel et al. 2006) as well as the effective spatial resolution by providing overlapping voxels.
This (i) reduces partial volume artifacts at structures’ edges (Du et al. 1994; Bernstein et al.
2001); and (ii) removes the need for several voxel shifts in order to optimize the position of
the localization grip over each one of the four structures (left and right caudate and putamen)
shown in Fig. 2 (Parker et al. 1995). No spatial filters were applied. The spectra were then
automatically corrected for frequency and zero order phase shifts in reference to the NAA peak
in each voxel (Goelman et al., 2006).

Relative levels of the i" (i=NAA, tCr, or tCho) metabolite in the j subject were estimated

from their peak area, Sjj, using spectral modeling software package SITools-FITT of Soher et
al.,asshown in Fig. 2 (Soheretal., 1998). The S,tJ were then scaled into absolute concentrations,
Cij, relative to signals from a 2 L sphere of C;*'"°=12.5, 10.0, 3.0 mM NAA, tCr, tCho water:

N AL
C" — C\'ill‘() . Sl/ . J
[ i Vlgon’
R

Sk [1]

where Sp, is the sphere’s metabolite signal, V}w, and V189° are the RF voltages needed for a
non-selective 1 ms 180° inversion pulse on subject and reference sphere. The Cijs were
corrected for relaxation time differences in vivo (T1¥!V°, T,YIV9) and in the phantom (TV'tr°,
T,Vitro) with a scaling factor (Inglese et al., 2003):

exp (— TE/T;”’”) 1 —exp (TR/T{'”"”)
- exp (- TE/T}™) 11— exp (TR/T}™)

(2)
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using the T1" =1.4, 1.3 and 1.2 s, T,YV0= 343, 172 and 248 ms reported at 3 T for NAA, tCr
and tCho (Kirov et al., 2008; Traber et al., 2004) and T"'t°=605, 336 and 235 ms, T,"!r°=483,
288 and 200 ms measured in the phantom.

For each subject the 1H MRS slice that contained the largest cross-section of the striatum was
selected based on the axial MRI, as shown in Fig. 2. The caudate and the putamen were then
manually circumscribed (in each subject) and our software summed the spectra in all the voxels
that fell completely or partially within the outline (see Fig. 2). The software then calculated:
i) the circumscribed region’s volume, (i.e. the sum of all the circumscribed voxels); ii) the
average of the relative concentrations, Cjj, for each of the three metabolites; and iii) their
standard deviations (SD).

IV. Statistical Analysis

RESULTS

Spearman rank correlation coefficients were used to characterize the association of KP
metabolite plasma levels with tCho, NAA, and tCr striatal concentrations for all subjects.
Bonferroni corrections within domain were applied (x12). An Exact Mann-Whitney test was
used to compare KP metabolites and striatal tCho between medicated and non-medicated MDD
adolescents. All reported p-values are two-sided significance levels with the appropriate
Bonferroni correction. Statistical significance was defined as p<0.05. SAS version 9.0 (SAS
Institute, Cary, NC) was used for all statistical computations.

I. Participants

II. Volumetry

Demographics, diagnoses, and treatment profiles are compiled in Table 1.

MDD group—Of the fourteen subjects with MDD, nine subjects were treated with
psychotropic medications for periods ranging from one month to two-and-a-half years. All
patients on medication had failed to respond to treatment at the time of the blood draw and
scan. Medications included fluoxetine, sertraline, bupropion, lamotrigine, lithium, risperidone,
and quetiapine.

The volumes of circumscribed ROIs (mean+SD) were as follows: MDD subjects: caudate:
81159 left (L) and 79649 mm? right (R), putamen: 885+84 (L) and 903+84 mm? (R).
Controls: caudate: 821+38 (L) versus 796+31 mm3 (R), putamen: 889+77 (L) versus 88074
mm?3 (R). Neither region showed any significant difference between sides (left versus right) or
groups (patients versus controls) (p>0.1). It is noteworthy that these ROIs included edge-voxels
even when they only partly fell within the circumscribed region. To estimate the edge-voxels
partial volume contribution we considered their surface-to-volume ratio. With an MRI pixel
volume of 2.9 mm3 and striatum (caudate and putamen) ROI volumes of ~1600 mm?3, ~30 out
of 550 voxels were at the surface, where their partial volume can range anywhere from 1 to
99%. Assuming an average partial volume of 50% in these edge-voxels, however, renders the
partial volume to be ~8%. Since this (small) fraction was very similar amongst all the patients
and the controls, it was deemed negligible for the purpose of this comparative analysis.

lll. Associations between Plasma Kynurenines and Striatal tCho, NAA, tCr Concentrations

Patients’ and controls’ TRP, KYN, and 3-HAA plasma concentrations as well as tCho NAA,
and tCr concentrations from the left and right caudate and putamen are compiled in Table 2.

No significant correlations were found in the healthy control group or in the MDD group as a
whole. When each MDD subgroup was examined separately, positive correlations were found
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only in the melancholic subgroup: i) plasma KYN concentrations were positively correlated
with right caudate tCho (r=0.93, p=0.03, Bonferroni corrected x12, Fig. 3a,c); ii) plasma 3-
HAA, a neurotoxic intermediate of the KP, was positively correlated with left putamen tCho
(r=0.96, p=.006, Bonferroni corrected x12, Fig. 3b,d).

There were no significant differences between adolescents with MDD who were treated with
psychotropic medications (n=9) and who were medication naive/free (n=5) with respect to
striatal tCho and KP metabolites.

There were also no significant correlations between striatal NAA and tCr with TRP, KYN, and
3-HAA in any of the examined groups.

DISCUSSION

This is the first study that examines the possible relationship between KP metabolites and brain
chemistry using TH MRSI. We found two positive correlations only in the subgroup of
melancholic adolescent MDD: i) KYN plasma concentrations and tCho in the right caudate,
and ii) 3-HAA plasma concentrations and tCho in the left putamen. Our findings suggest that
the neurobiology of melancholic adolescent MDD is distinct from other subtypes of depression
and that a possible relationship may exist between KP metabolites and striatal tCho in that
subgroup of patients.

Choline is an essential component of membrane lipids, phosphatidylcholine, and
sphingomyelin (Loffelholz et al., 1993). The resonance of tCho at 3.22 ppm comprises mostly
the quaternary N-methyl groups of the cytosolic compounds glycerolphosphocholine
(breakdown products) and phosphocholine (membrane precursors). The contribution of free
Cho to the signal is less than 5% and acetylcholine’s is negligible (Miller et al., 1996). Total
Cho has been hypothesized to reflect cell membrane metabolism (both breakdown and
proliferation), myelin breakdown, or changes in glial density (Urenjak et al., 1993), which have
been documented in the frontal cortex and sub-cortical regions in MDD (Hercher et al.,
2009). Therefore, our findings of positive correlations between KYN and 3-HAA and striatal
tCho suggest that pathways involved in cellular survival may be more relevant to the
pathogenesis of melancholic adolescent MDD compared to other subtypes of MDD. This
notion is supported by findings from adult MDD studies documenting reductions of y-
aminobutyric acid (GABA) concentrations in the plasma (Petty et al., 1992), the CSF (Roy et
al., 1991), and the occipital lobe (Sanacora et al., 2004) as well as increased glutamate brain
concentrations (Sanacora et al., 2004), which were more pronounced in melancholic MDD
patients compared to controls.

In relation to MDD, the neurotoxic effects of QUIN, a KP metabolite, are of specific interest.
QUIN is an agonist of an NMDA glutamate receptor subtype which has been attributed a key
role in MDD (Perkins and Stone, 1982). QUIN alone has been shown to increase glutamate
and decrease GABA brain concentrations (Schwarcz et al., 1983; Tavares et al., 2002). As
such, QUIN may contribute to the increased glutamate and decreased GABA concentrations
observed in melancholic MDD. Three-HK and 3-HAA, other neurotoxins derived from the
KP, are thought to induce oxidative stress. Animal studies indicate that 3-HK and 3-HAA
toxicity has brain region selectivity with the striatum, our region of interest, being particularly
vulnerable to these toxins (Okuda et al., 1998).

Our findings also suggest the possible neurotoxic effects of peripheral activation of the KP in
adolescent melancholic MDD. This interpretation is supported by a recent animal study
documenting that peripheral administration of KYN alone induced depressive-like symptoms,
and that systemic inhibition of IDO activity blocked the development of depressive-like
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symptoms in mice (i.e. duration of immobility in forced-swim and tail suspension tests)
following an immunological challenge with lipopolysaccharide (O’Connor et al., 2009).

Our findings implicating the KP in melancholic adolescent MDD are consistent with several
observations in adults documenting lower values of plasma TRP/competing amino acids in
melancholic adult MDD subjects compared to non-melancholic MDD subjects and controls
(Anderson et al., 1990; Maes et al., 1994; Maes et al., 1996). In an early study from 1970,
Curzon and Bridges found that females with “endogenous” depression (i.e. melancholic MDD)
exhibited increased excretion of KYN and 3-HK in urine compared to controls after an oral
load of TRP (Curzon and Bridges, 1970). Additionally, findings of highest plasma levels of
neopterin, a pteridine released from macrophages/monocytes in parallel to IDO activity, in the
melancholic MDD group also provide support for the role of the KP in melancholic MDD
(Maes et al., 1994). More recently, Capuron et al. documented a positive correlation between
the development of neurovegetative symptoms, prominent features of melancholic MDD, and
the reduction of plasma TRP in adult cancer patients who underwent treatment with IFN-a. or
IL-2 (Capuron et al., 2002).

Finally, our correlations involved both the left putamen and the right caudate and fit a large
body of evidence implicating both of these structures in adult and pediatric MDD (Forbes et
al., 2009; Gabbay et al., 2007; Matsuo et al., 2008).

Our findings should be considered preliminary in light of several limiting factors: one, the
cohort size is modest and may have limited the identification of other relationships and
contributed to Type Il errors. However, multiple hypotheses corrections were applied to the
analysis to minimize Type | errors. Also, most MDD patients were on medication at the time
of the scan. All the MDD adolescents in our study were depressed at the time of their scan, and
there were no metabolite differences between MDD adolescents who were treated with
medications and those who were not.

In summary, our preliminary findings suggest a possible relationship between KP metabolites
and striatal membrane-turnover in melancholic adolescent MDD and that pathways involved
in cellular survival may be more relevant to the pathogenesis of melancholic adolescent MDD
compared to other subtypes of MDD. Studies with larger sample size should follow. Possible
relationships between the KP and other brain metabolites such as GABA and glutamate should
be examined as well.
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Figure 1.

Possible neurotoxic consequences of kynurenine pathway activation. TRP, tryptophan; IFN,

interferon; IL, interleukin; 3-HK, 3-hydroxykynurenine; 3-HAA, 3-hydroxyanthranilic acid;

QUIN, quinolinic acid; KA, kynurenic acid; BBB, blood-brain barrier; NMDA-R, N-methyl-
D-aspartate receptor; tCho, Total Choline; GABA, y-aminobutyric acid.
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(Top) Real part of the summed spectra (thin gray line) in the left putamen (circumscribed
region b) and right caudate (circumscribed region a) overlaid with their SITools-FITT model
functions (dashed black lines) from the 7 melancholic major depressive disorder (MDD)
patients (left columns) and 6 healthy controls (right columns). All spectra are on common
intensity and frequency scales. Note the regional signal-to-noise-ratios and quality of the fit
procedure from which the values for metabolic quantifications with Eq. [1] were obtained.
(Bottom) Axial T2-weighted images from an MDD adolescent with melancholic features (left)
and a gender- and age-matched control (right), both superimposed with outlines (white line)
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of the right caudate (a) and left putamen (b) that were used for volumetry and metabolic
quantification.
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Figure 3.

Scatter plots with regression lines characterizing associations of L-kynurenine (KYN)
metabolite plasma levels and striatal total choline (tCho), for the seven adolescents with major
depressive disorder in the melancholic subgroup. (A) Plasma KYN concentrations (ng/ml) and
tCho (mM) in the right caudate (Spearman correlation: r=0.93, p=0.03); (B) plasma 3-
hydroxyantranilic acid (3-HAA) concentrations (ng/ml) and tCho (mM) in the left putamen
(r=0.96, p=.006); (C) ranks of KYYN and right caudate tCho; (D) ranks of 3-HAA and left
putamen tCho. All reported p-values are Bonferroni-corrected within domain (x12) two-sided
significance levels. Statistical significance was defined as p<0.05.
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Demographic and Clinical Characteristics of Major Depressive Disorder (MDD) Adolescents with Melancholic

Features, MDD Adolescents without Melancholic Features, and Healthy Adolescent Controls

MDD
Adolescents
MDD Adolescents without Healthy
with Melancholic Melancholic Adolescent
Characteristic Features n=7 Features n=7 Controls n=6
Age (years) 16.2+2.1 169+19 16.2+24
Gender (male/female) 413 3(57/43%) 2/5 3(29/71%) 214 3(33/67%)
Iliness History
Duration of Iliness (months) 17.6+9.2 b(3_30) 16.9 + 14.2 b(1.5— 0
36)
Medication-naive/Medication-free/Medicated 2/1/4 8(29/14/57%) 2/0/5 3(29/0/71%) 6/0/0 8(100/0/0%)
C CDRS-R 74.9+7.4560-83) | 51.7+12.5P0- 18.2 + 2.4 0(17-
75) 23)
dBpl-11 25.5+12.6 D(12- 26.7 +15.3 b(6- 2.2+ 1.9 b(0-5)
44) 50)
eBss 12.6+105P1-24) | 7.3+7.3P0-20) 0.0 0.0 P(0)
Current Comorbidity
f ADHD 13(14.3%) 12(14.3%) 0
Social Phobia 123(14.3%) 12(14.3%) 0
Any Comorbidity 23(28.6%) 2 3(28.6%) 0

aRespective percentages (may not add up to 100% due to rounding);

bRange;

cChildren’s Depression Rating Scale-Revised;
dBeck Depression Inventory-II;

eBeck Scale for Suicidal Ideation;

f . - TR
Attention Deficit Hyperactivity Disorder.
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