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Abstract

Background—The neuroimmunological kynurenine pathway (KP) has been hypothesized to 

play a role in depressive/anhedonic symptoms and related CNS disturbances. Indoleamine 2,3-

dioxygenase (IDO) is the rate limiting enzyme which leads to neurotrophic [kynurenic acid (KA)] 

and neurotoxic [Quinolinic acid (QUIN)] branches. In this pilot, we sought to examine 

associations between blood KP neuro-toxic/trophic measures and anhedonia/depression associated 

networks in youth with major depression (MDD) and healthy controls (HC).

Methods—Subjects were 14 psychotropic-medication free adolescents with MDD and 7 HC, 

ages 12–19 yo. All underwent resting-state functional magnetic resonance imagining (fMRI) 

scans. Voxel-wise maps were generated indicating correlation strengths among 4 bilateral seeds 

[(dorsal anterior cingulate cortex (dACC), perigenual ACC (pgACC), subgenual ACC (sgACC) 

and nucleus accumbens (NAc)] and remaining brain regions. FMRI analyses were family-wise 

error corrected. KP metabolites were measured using liquid chromatography–tandem mass 

spectrometry.

Results—Connectivity between the right dACC and the right precuneus was positively correlated 

with KA levels. This same cluster demonstrated an inverse correlation with IDO activity. 

Exploratory analysis at a more liberal clustering threshold showed the KA/QUIN ratio was 

positively correlated with connectivity between the pgACC and the right medial prefrontal cortex. 

Lastly, connectivity between the pgACC and the left inferior temporal gyrus was positively 

correlated with QUIN levels.
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Limitations—Findings are preliminary due to the small sample size.

Conclusions—This pilot study is the first report in depressed adolescents demonstrating 

associations between the KP and anhedonia/depression-associated brain networks. This pilot adds 

evidence to the putative role of the KP in MDD.
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Introduction

Major depressive disorder (MDD) is highly prevalent in adolescence and poses a serious 

public health concern due to its deleterious outcomes, including increased suicide risk 

(Asarnow et al., 2008). Furthermore, adolescent MDD is a strong predictor of depression in 

adulthood (Weissman et al., 1999), which carries a high disability burden (Pine et al., 1999). 

As such, biological research of adolescent MDD, prior to chronicity effects, is of great 

importance. Considerable evidence suggests that activation of the immune system and the 

release of pro-inflammatory cytokines contribute to the development of major depression in 

adolescents and adults (Brundin et al., 2016; Gabbay et al., 2010). The kynurenine pathway 

(KP) has been hypothesized to play a key role in cytokine-induced depressive behaviors and 

related central nervous system (CNS) disturbances by the production of oxygen free radicals 

and highly potent neurotoxins (Amori et al., 2009; Schwarcz & Pellicciari, 2002). 

Indoleamine 2, 3-dioxygenase (IDO), the rate-limiting enzyme of the KP, is induced by pro-

inflammatory cytokines and degrades tryptophan (TRP) into kynurenine (KYN) (Wirleitner 

et al., 2003). KYN is further metabolized into several neurotoxins, namely 3-

hydroxykynurenine (3-HK) and 3-hydroxyanthranilic acid (3-HAA), whose downstream end 

product is quinolinic acid (QUIN), a glutamatergically-active N-methyl-D-aspartate 

(NMDA) receptor agonist. Alternately, KYN can also be metabolized into kynurenic acid 

(KA), a glutamate receptor antagonist, producing neuroprotective effects in the brain (Sapko 

et al., 2006). Converging data from preclinical and clinical work have implicated the KP in 

anhedonia, the reduced capacity to experience pleasure. Our laboratory previously 

documented increased IDO activity (indexed by the KYN/TRP ratio) in adolescents with 

MDD, but only in those with the melancholic subtype, characterized by anhedonia. We also 

reported positive associations between KP neurotoxins (KYN, 3-HAA) and increased striatal 

total choline (a marker for lipid peroxidation) in a group of adolescents with MDD with high 

levels of anhedonia (Gabbay et al., 2010). Similar findings linking KP activation to 

anhedonia/MDD symptomatology have also been reported in adults (Anderson et al., 1990; 

Cowen et al., 1989; Curzon & Bridges, 1970; Maes et al, 1996; Savitz et al., 2015d).

As anhedonia reflects deficits of reward processes (Hasler et al., 2004; Wacker et al., 2009), 

the above findings suggest the KP may play a role in impairing the neuronal reward 

circuitry. Relatedly, neuroimaging studies in adults with depression and bipolar disorder 

documented relationships between blood KP metabolite levels and reward-related brain 

regions. Findings include associations between IDO activity and striatal volume (Savitz et 

al., 2015a), KP neurotoxic metabolites and the medial PFC cortical thickness (Meier et al., 

DeWitt et al. Page 2

J Affect Disord. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2016), as well as amygdala and hippocampal volumes (Savitz et al., 2015b; Savitz et al., 

2015c). Furthermore, ratios of neurotrophic to neurotoxic KP metabolites had distinct 

associations with hippocampal activation in participants with MDD compared to healthy 

controls (Young et al., 2016). One prior study also documented distinct associations between 

both the neurotoxic and neurotrophic branches of the KP and the perigenual anterior 

cingulate cortex (pgACC) network connectivity in a sample of adult football players with 

and without TBI and healthy controls (Meier et al., 2017). To the best of our knowledge, the 

latter reference represents the only resting state study of KP correlates, and there have not 

been any similar studies in youth or in individuals with depression or other psychiatric 

disorders.

In the present study, we sought to extend above observations and examine KP blood 

metabolite levels in relation to whole-brain intrinsic functional connectivity (iFC) of 

anhedonia-related regions in adolescents with MDD and heathy adolescents. These regions 

were established based on our prior resting-state functional magnetic resonance imaging 

(fMRI) study in adolescents with MDD that implicated striatal and salience/reward-related 

regions (i.e., dorsal anterior cingulate cortex (dACC) and subgenual anterior cingulate cortex 

(sgACC)) in anhedonic symptomatology (Gabbay et al., 2013). In addition, given previous 

findings that showed associations between the KP and pgACC connectivity in brain injury, 

and the significant role of this region in adolescent MDD (Rzepa & McCabe, 2016), we 

included the pgACC in the current investigation as well. We hypothesized that: 1) 

neurotrophic factors, such as KA and the KA/QUIN ratio would be associated with 

increased whole-brain iFC of our selected regions, demonstrating neuroprotection within the 

salience/reward network; and 2) conversely, QUIN levels and IDO activity (indexed by the 

KYN/TRP ratio) would be associated with decreased iFC due to network desegregation via 

excitotoxicity.

Methods

Study Participants

We studied 21 adolescents, 12–19 years old (mean age = 16.68, 15 female), 14 with MDD 

and 7 healthy controls (HC). Participants represent a subset of subjects from a previously 

published resting-state study (Gabbay et al., 2013) that had blood samples to be analyzed for 

KP metabolites. This study was approved by the appropriate Institutional Review Boards. 

Prior to beginning the study, procedures were explained to parents and participants. 

Participants 18 years of age or older provided consent, while those under 18 provided assent, 

and a parent or guardian provided consent.

Inclusion/Exclusion Criteria

Participants were excluded if they had any significant medical or neurological disorder, an 

IQ < 80, claustrophobia, or any MRI contraindication as assessed by a standard safety 

screening form. Additionally, a positive urine toxicology test, or a positive urine pregnancy 

test in females, on the day of the scan were exclusionary. All adolescents with MDD met the 

DSM-IV-TR criteria for MDD, with a current episode duration ≥ 6 weeks, a raw depression 

severity score ≥ 40 (T score > 63) on the Children’s Depression Rating Scale–Revised 
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(CDRS-R) (Poznanski et al., 1985), and were psychotropic medication–free for at least 3 

months. Exclusionary diagnoses for participants with MDD included a lifetime history of 

bipolar disorder, schizophrenia, pervasive developmental disorder, panic disorder, obsessive-

compulsive disorder, conduct disorder, or Tourette’s disorder. A substance use disorder in 

the past 12 months was also exclusionary. Lastly, a current diagnosis of posttraumatic stress 

disorder or an eating disorder were exclusionary. HC participants did not meet criteria for 

any current or past DSM-IV-TR diagnoses and had never been treated with psychotropic 

medication.

Imaging Data Acquisition

Imaging data were acquired on a 3.0 Tesla Siemens Allegra scanner as previously described 

in detail (Gabbay et al., 2013). The imaging protocol included a high-resolution T1-

weighted magnetization prepared rapid acquisition gradient-echo [MPRAGE] sequence 

(repetition time [TR] = 2,500 ms; echo time [TE] = 3.93 ms; inversion time [TI] = 600 ms; 

flip angle = 8°; 176 slices; voxel size = 1×1×1 mm3; field of view [FOV] = 256 × 256 mm2) 

and a resting-state fMRI echo planar imaging (EPI) sequence (197 whole-brain volumes; TR 

= 2,000 ms; effective TE = 25 ms; flip angle = 90°; 39 contiguous 3-mm oblique axial slices 

parallel to the anterior commissure/posterior commissure line; voxel size = 3×3×3 mm3; 

matrix = 64×64; FOV = 192×192 mm2).

Imaging Data Analysis

Data were preprocessed using a combination of C-PAC (Craddock et al., 2013) and AFNI 

(NIMH Scientific and Statistical Computing Core, Bethesda, MD, US) tools. Preprocessing 

steps included slice time correction for interleaved slice acquisition, realignment by volume 

registration, mean-based intensity normalization, and bandpass filtering (0.01–0.1). High 

resolution anatomical images were transformed into Talairach (TLRC template space) using 

AFNI’s @auto_tlrc, with functional images aligned to this transformed anatomical image 

using the @auto_tlrc linear resampling default option. This was followed by spatial 

smoothing using 3dBlurtoFWHM in AFNI with a 6mm full width at half maximum 

(FWHM) smoothing kernel.

The preprocessed data were regressed on 6 motion parameters. Frame-wise displacement 

was also calculated across all 197 frames. A scrubbing threshold of 2mm was used to 

indicate frames that demonstrated gross frame to frame motion. Resultant maps of scrubbed 

data did not differ in terms of surviving clusters compared to unscrubbed data; the results 

reported below include all 197 frames with the original 6 motion parameters regressed out. 

Seed based correlation maps were then generated and converted to MNI space for group 

level analysis using AFNI’s 3dwarp-tta2mni option.

Bilateral seed regions of interest were selected based on our previous iFC study (Gabbay et 

al., 2013), including the dACC (±16, −6, 44), sgACC (±8, 10, 14), and the nucleus 

accumbens (NAc; (±9, 9 −8)). Additionally, although our previous study did not include a 

pgACC seed, this region has been implicated in reward function in adolescent MDD and was 

thus included here. We used coordinates (0, 38, 0) from a previous study that documented 

distinct pgACC connectivity patterns associated with decreased ability to anticipate pleasure 
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in adolescents at both high and low risk for depression (Rzepa & McCabe, 2016). Each seed 

region of interest (ROI) was a 3D sphere (volume = 268 × 1 mm3 voxels, radius = 4mm) 

defined in MNI space.

Seed masks were applied to individual echo planar images (EPIs), and using the 3dfim+ 

command in AFNI, maps of the cross-correlation coefficients between the seed and every 

voxel in the brain were generated. CSF and white matter time series were derived using the 

AFNI 3dseg command to generate white matter and CSF masks thresholded at a 0.96 clip. 

CSF and white matter time series were regressed out during the generation of correlation 

maps. Using Fisher’s Z-transformations, the correlation maps were converted to Z maps for 

group level analyses.

Random effects analyses were performed on Z maps at the group-level to identify surviving 

clusters per seed. Cluster thresholding and family-wise error (FWE) correction for multiple 

comparisons was applied using traditional 3dClustSim in AFNI. Residual images were 

derived from preprocessed resting-state images (following alignment to anatomical images 

in TLRC space) per person using the 3dDeconvolve function in AFNI. Smoothing 

parameters using 3dFWHMx were averaged across individuals (mean x y z: 6.59 6.42 6.35) 

and used for 3dClustSim. This estimates the probability of false positive activation clusters 

throughout the whole brain based on two criteria, smoothness of the voxel map and cluster-

defining threshold. Effective smoothness (inherent smoothness plus smoothing applied) was 

estimated using individual residual images and averaged across the whole sample (the 

resulting smoothness was slightly over 6mm FWHM). We set the cluster-defining threshold 

to the 99.5th percentile of the t-statistic distribution. A FWE-corrected significance level of 

0.05 yielded a required minimum cluster size of 41 voxels (at p ≤ 0.001 uncorrected).

KP Methodology

TRP and other KP metabolites, including KA, KYN, QUIN, in plasma were measured by a 

liquid chromatography–tandem mass spectrometry (LC-MS/MS) method. IDO activity was 

indexed by the KYN/TRP ratio. Ethyl-4-hydroxy-2-quinolinecarboxylate was used as an 

internal standard. 100 μL plasma was pipetted into a 1.5 mL Eppendorf tube, and 300 μL 

acetonitrile and 10 μL 20 μM internal standard solutions were added and mixed. The mixture 

was vortexed for 10 sec and centrifuged at 16100 rcf for 5 min. The supernatant was 

transferred into a 96-well plate and dried under nitrogen at 40°C for 20 min. Samples were 

reconstituted with 50 μL of 5% acetonitrile for LC-MS/MS analysis.

An Agilent 6460 LC-MS/MS system was used for analysis in positive ESI mode. The 

capillary voltage was +3500 V and the nozzle voltage was +500 V. The ion source gas 

temperature was 300°C with a flow rate of 11 L/min. The sheath gas temperature was 150°C 

with a flow rate of 10 L/min. The nebulizer gas was 45 psi. Data were acquired by selected 

reaction monitoring (SRM) using specific transitions corresponding to TRP and KP 

metabolites. The optimal parameters for each compound are listed in Table 1.

Separation of TRP and KP metabolites was achieved using a Water Acquity HSS T3 column 

(100 mm × 2.1 mm internal diameter, 1.7 μm particle size) under gradient conditions with 

mobile phase A (0.5% formic acid in water) and mobile B (0.5% formic acid in acetonitrile). 
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The LC gradients started with 5% B, increased to 50% B from 2 to 13 min, increased to 

100% B immediately, and kept 100% B from 13.1 to 14 min, followed by a decrease to 5% 

B from 14.1 min, and held until 24 min. The flow rate was 0.2 mL/min, and the injection 

volume was 2 μL. Six calibrators were used for generation of a calibration curve. The low 

limit of each compound was 0.125 μM for KA and KYN. Additionally, the low limit was 0.5 

μM for QUIN and 2.5 μM for TRP.

Statistical Analyses

Statistical analyses were performed in SPSS, version 22. KP metabolites across the entire 

sample were not normally distributed, and thus non-parametric tests were used in all KP 

analyses. Mann-Whitney U-tests compared the metabolite levels of adolescents with MDD 

and HC adolescents. Spearman’s rank order correlations assessed the relationship between 

average connectivity Z scores in surviving clusters that were extracted from the individual Z 

maps per seed region and KP metabolite levels. Furthermore, all connectivity and KP 

associations, as well as all connectivity maps, were examined in just the subset of the sample 

with MDD (N = 14). Lastly, in light of our small sample size, we performed exploratory 

analyses using clusters that survived at a more liberal threshold (uncorrected p ≤ 0.005 k ≥ 

89) in order to examine all potential KP and connectivity associations.

Results

Demographic features

The subset of participants diagnosed with MDD consisted of 11 females and 3 males and 

had a mean age of 16.76 (SD = 3.04). The healthy controls consisted of 4 females and 3 

males with a mean age of 16.53 (SD = 1.75). An independent samples t-test revealed no 

significant difference between the groups in age (t (18) = 0.216 p = 0.831, unequal variances 

assumed

KP metabolite levels

Concentration levels/ratios of the KP metabolites are listed in Table 2. There were no 

significant differences between adolescents with MDD and HC (all p ≥ 0.05).

Seed-based resting-state functional connectivity (rsFC) (Whole sample)

All participants, MDD and HC, were included in the following seed-based group analyses. 

Independent samples t-tests revealed there were no significant differences in any of the head 

motion parameters between the MDD and HC groups (X direction, t (7) = 0.64,p = 0.54, 

unequal variances assumed; Y direction, t (6)=0.90 p=0.40, unequal variances assumed; Z 

direction, t (19) = 0.16, p = 0.25; Pitch, t (6) = 0.73, p = 0.49, unequal variances assumed; 

Roll, t (7) = 0.84, p = 0.43; Yaw, t (19) = 0.21, p = 0.84).

Surviving clusters by seed, separated by positive/negative connectivity, are displayed in 

Table 3; all results are thresholded at p ≤ 0.05 (FWE corrected), cluster ≥ 42 voxels, unless 

noted as exploratory analyses. Left dACC. Clusters of significant positive connectivity were 

found in the right cingulate gyrus and left middle frontal gyrus. Clusters of significant 

negative connectivity were found in the right precuneus. Right dACC. One cluster of 
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significant positive connectivity was found in the left cingulate gyrus. Clusters of significant 

negative connectivity were found in the left/right precuneus. sgACC. No clusters survived 

thresholding for the right or left sgACC. NAc. No clusters survived thresholding for the right 

or left NAc. pgACC. One cluster of significant positive connectivity was found within the 

right hippocampus. Clusters of significant negative connectivity were found in the right 

precuneus and left inferior temporal gyrus (ITG).

Seed-Based rsFC (MDD group)

No new clusters were identified when looking at whole-brain connectivity within just the 

group of adolescents with MDD.

Correlations between KP metabolites and rsFC (Whole sample)

Right dACC-right precuneus connectivity was positively correlated with KA levels, ρ = 

0.44, p ≤ 0.05, see Figure 1A. The same cluster demonstrated an inverse correlation with 

IDO activity, ρ = −0.65 p ≤ 0.01, see Figure 1B. No other rsFC values were significantly 

correlated with any other KP metabolites (all p > .05).

Correlations between KP metabolites and rsFC (MDD group)

When excluding the HC group, the inverse relationship between dACC-precuneus 

connectivity and IDO activity continued to be significant, at an even lower alpha level (ρ = 

−0.77 p 0.001). No other findings remained significant in the smaller sample of only 

adolescents with MDD.

Exploratory analyses (Whole sample)

Analyses were rerun using a more liberal FWE threshold (p ≤ 0.005 uncorrected, k > 89). 

Results were still FWE corrected at p ≤ 0.05. At this more liberal threshold, additional 

connections were significant with several seeds: Left dACC: There was an additional cluster 

of significant negative connectivity in the right middle temporal gyrus. Right dACC: There 

was an additional cluster of significant negative connectivity in the right middle temporal 

gyrus. Left sgACC: A cluster of positive connectivity with the left middle cingulate cortex 

was significant. Left NAc: A cluster of positive connectivity with the right pallidum/

putamen was significant. pgACC: There were additional clusters of significant positive 

connectivity with the left middle temporal gyrus and the right medial frontal gyrus.

Additionally, there were clusters of significant negative connectivity with right superior 

parietal lobule, left middle frontal gyrus and left middle occipital gyrus. Additional KP-rsFC 

relationships were also found at this more liberal threshold. There was a positive correlation 

between pgACC-left ITG connectivity and QUIN levels, ρ = 0.43, p ≤ 0.05 (Figure 1C). The 

ITG cluster location did not shift from the primary analyses, but the cluster size increased 

from 49 to 89 voxels. Additionally, there was a positive correlation between pgACC-right 

medial frontal gyrus connectivity and the KA/QUIN ratio, ρ = 0.47, p ≤ 0.05 (Figure 1D). 

There were no additional findings when examining the MDD group alone.
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Discussion

The present study is the first to document an association between the KP and iFC of 

salience/reward-related regions in a combined sample of adolescents with MDD and healthy 

adolescents. Findings confirmed our hypothesis that the neurotrophic branch of the KP 

would be associated with an increase in network connectivity, while the neurotoxic branch 

would be associated with a decrease. We documented that both the neurotrophic and 

neurotoxic branches of the KP are associated with distinct connectivity patterns between 

reward-related regions of the salience network to the default mode network (DMN). 

Specifically, we found that increased KA was associated with increased connectivity of the 

right dACC to the right precuneus, an important DMN hub. Furthermore, we showed that an 

increase in KA relative to QUIN (i.e., KA/QUIN ratio) was associated with increased 

connectivity between the pgACC and the medial prefrontal cortex (mPFC), another key 

DMN region. Meanwhile, IDO activity (indexed by the KYN/TRP ratio), previously linked 

to a worsening of depressive symptoms by way of the neurotoxic branch of the KP 

(Elovainio et al, 2012; Elovainio et al., 2011; Gabbay et al., 2012) was associated with 

decreased connectivity between the right dACC and the right precuneus. This finding 

remained significant when the HC sample was excluded from the analysis, and in fact was 

strengthened. This suggests that IDO activity may have a stronger association with network 

desegregation in those diagnosed with MDD. Interestingly, contrary to our initial hypothesis, 

increased neurotoxic QUIN levels were associated with increased connectivity between the 

pgACC and the left ITG. We discuss our findings below.

A major finding in this study was the positive correlation between the neurotrophic branch 

of the KP and connectivity of salience/reward network hubs (i.e., dACC and pgACC) with 

DMN hubs (i.e., precuneus and mPFC). The DMN consists of midline regions such as the 

mPFC, precuneus, and posterior cingulate cortex, and is shown to be more activated in the 

absence of goal-directed behavior (Biswal et al., 1997). A prevailing theory regarding the 

DMN is that its connectivity patterns serve as a blueprint for the brain and may inform goal-

directed behavior (Kannurpatti et al., 2012). The salience network, made up of a 

combination of PFC and visual-spatial regions, identifies and evaluates internal and external 

cues worthy of attentional deployment (Uddin, 2017).

Our findings documented that the dACC and the right precuneus were inversely correlated 

with one another (i.e., demonstrated negative connectivity), with increased IDO activity 

associated with greater anticorrelation, while increased levels of KA were associated with 

increased correlation between the regions. As a DMN hub, the precuneus is primarily 

involved in self-referential processing (Kircher et al., 2000; Sajonz et al., 2010). Reduced 

inter-network connectivity of both the salience and DMN have previously been shown to be 

associated with worsening symptoms of depression (Servaas et al., 2017), and decreased 

precuneus/salience network connectivity has been reported in adolescents with depression 

compared to healthy controls (Sacchet et al., 2016). Meanwhile, shifts in self-referential 

processing towards negative rumination have been highlighted in depression (Nejad et al., 

2013). Therefore, the finding of negative connectivity between these two regions in our 

study is most likely derived from the MDD group, which made up the majority of the 

sample. Our findings suggest that increased IDO activity may be associated with DMN/
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salience disconnections, while the KP neurotrophic branch, via KA, may be associated with 

enhanced DMN/salience connectivity. This concept is supported by preclinical data 

demonstrating that peripheral inhibition of IDO has been shown to block its central 

transcription in the brain and subsequently block development of depressive-like behaviors 

following immunological stimulation (O’Connor et al., 2009; Salazar et al., 2012).

Our exploratory analyses further revealed a positive correlation between KA/QUIN and 

pgACC-mPFC positive connectivity, supporting the role of the neurotrophic branch of the 

KP in DMN/salience connectivity. Previous studies have shown peripheral inflammatory 

responses to be inversely correlated with medial PFC connectivity to the rest of the DMN 

(Marsland et al., 2017). It has been suggested that inflammatory responses affect cognitive 

control supported by subregions of the ACC and mPFC (Critchley & Harrison, 2013). 

Furthermore, evidence suggests the ratio of KA to neurotoxic metabolites mediates the 

relationship between MDD diagnosis and mPFC cortical thickness (Meier et al., 2016). Our 

present findings suggest that increased activation of the neurotrophic branch of the KP 

relative to the neurotoxic branch (i.e., KA/QUIN ratio levels) is associated with increased 

connectivity between these regions, which may potentially impact their functioning.

While our hypothesis that the neurotrophic branch of the KP would be associated with 

increased rsFC was supported, our prediction that the neurotoxic branch would show the 

opposite relationship was not. In fact, we found that increased QUIN levels were associated 

with increased connectivity between the pgACC and the left ITG. Though contrary to our 

predictions, this finding is not entirely surprising. Salience network connectivity 

(specifically the amygdala) to the temporal pole has previously been shown to be elevated in 

adolescents at high risk for MDD (Rzepa & McCabe). Indeed, both increases and decreases, 

particularly within the DMN, have been shown to be associated with MDD depending on the 

brain region, population of interest, and/or medication history (Rzepa & McCabe, 2016; 

Sacchet et al., 2016.). Therefore, our finding that QUIN levels were associated with 

increased connectivity patterns between the pgACC and the inferior temporal gyrus fits 

findings of increased salience network-temporal gyrus connectivity in MDD.

Limitations

While these findings document links between the KP and network connectivity, limitations 

should be noted. The main concern is the small sample size, which introduces type I and II 

errors. Further, there was an imbalance between individuals with and without MDD in the 

entire sample. Coupled with the small sample size, this makes it difficult to determine how 

much our findings were driven by those participants diagnosed with MDD. Also, given our 

small sample size and the exploratory nature of this study, our cluster threshold was 

determined using AFNI’s traditional 3dClustSim method, rather than the updated 

autocorrelation function (ACF), which reports more conservative cluster thresholds. Lastly, 

despite previous evidence of links between the KP and striatum, our findings did not 

demonstrate any associations between the KP and NAc connectivity. Given that previous 

findings were reported in clinical samples, the heterogeneity of our sample, along with its 

small size, may be the reason for the lack of NAc findings.
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Conclusion

This pilot study provides additional data for the possible effects of the inflammatory 

kynurenine pathway on brain function. These findings suggest that activation of the KP is 

associated with distinct alterations in connectivity of DMN/salience regions. Future studies 

are needed in larger samples of depressed adolescents in order to identify more specific 

associations between symptom severity and neuroinflammatory-connectivity interactions.
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Highlights

• Neurotrophic Kynurenine pathway (KP) metabolites (Kynurenic acid (KA), 

KA/quinolinic acid ratio) are associated with increased salience/default mode 

network (DMN) connectivity.

• Indoleamine 2, 3-dioxygenase, the rate limiting enzyme for the KP, is 

associated with decreased salience/DMN connectivity.

• Increase in neurotoxic quinolinic acid is associated with increased 

connectivity of the perigenual anterior cingulate cortex (pgACC) to the 

inferior temporal gyrus.
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Figure 1. 
Intrinsic functional connectivity (iFC) correlations with KP levels A. Right dACC negative 

iFC with the right precuneus demonstrated a positive correlation with KA levels, ρ = 0.44, p 
≤ 0.05. B. Right dACC negative iFC with right precuneus demonstrated a negative 

correlation with IDO activity (indexed by the KYN/TRP ratio), ρ = −0.65 p ≤ 0.01. C. 
pgACC negative iFC with the left inferior temporal gyrus demonstrated a positive 

correlation with QUIN levels, ρ = 0.43, p ≤ 0.05. D. pgACC positive iFC with the right 

medial prefrontal cortex demonstrated a positive correlation with KA/QUIN ratio, ρ = 0.47, 

p ≤ 0.05. All maps FWE corrected at p ≤ 0.05. A/B map thresholded at p ≤ 0.001 

uncorrected K ≥ 42. C/D maps at p ≤ 0.005 uncorrected K ≥ 89
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Table 1

Optimal parameters of compounds

Compound Precursor Product Frag (V) CE (V)

Kynurenine 209.1 192 72 4

Tryptophan 205.1 188 72 4

Kynurenic acid 190.1 144 92 20

Quinolinic acid 168.1 78 80 24
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Table 2

Mean (SD) plasma concentrations of indoleamine 2,3-dioxygenase (IDO; indexed by the KYN/TRP ratio) 

kynurenic acid (KA), quinolinic acid (QUIN) (nM/L) and the KA/QUIN ratio in adolescents with MDD and 

healthy controls (HC).

Measure MDD (N=14) HC (N=7)

IDO activity (KYN/TRP) 0.028 (0.01) 0.02 (0.002)

KA 887.38 (382.94) 1053.96 (937.24)

QUIN 263.00 (143.34) 384.32 (320.90)

KA/QUIN 4.22 (2.47) 2.67 (0.85)
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