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Abstract

Inflammation-related changes in the concentrations of kynurenine-pathway metabolites occur in 

depression secondary to medical conditions but have not been well characterized in primary 

bipolar disorder (BD), with contradictory results potentially attributable to the presence or absence 

of psychosis and/or medication effects. In contrast, reductions in hippocampal and amygdalar 

volume that theoretically reflect dendritic atrophy occurring in the context of a neurotoxic process 

are commonly reported in unmedicated BD patients. Here we tested whether the concentrations of 

putatively neuroprotective (kynurenic acid, KynA) and neurotoxic (3-hydroxy-kynurenine, 3HK 

and quinolinic acid, QA) kynurenine-pathway metabolites were altered in primary BD and 
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whether these metabolites were associated with hippocampal and amygdalar volume. Twenty-five 

moderately-to-severely depressed unmedicated subjects and 38 moderately-to-severely depressed 

medicated subjects who met DSM-IV-TR criteria for BD, as well as 48 healthy controls (HCs) 

completed a structural MRI scan and provided a blood sample for kynurenine metabolite analysis, 

performed using high performance liquid chromatography with tandem mass spectrometry. Gray 

matter volumes were measured with the automated segmentation software, FreeSurfer. A putative 

neuroprotective index, KynA/QA, was significantly lower in the BD subjects relative to the HCs, a 

finding that was unrelated to current treatment with medication or a prior history of psychosis. 

Further, another putative neuroprotective index, KynA/3HK was positively associated with 

hippocampal volume in the BD group after controlling for age, sex, body mass index (BMI), and 

intracranial volume (ICV). Kyn/3HK was significantly associated with total amygdalar volume in 

the BD group, but after controlling for age, sex, BMI, but not ICV, this association was reduced to 

a trend. In addition, Kyn/3HK was positively associated with amygdalar volume in the HCs 

although the association was no longer significant after accounting for the effects of age, sex, and 

BMI. The results raise the possibility that BD-associated abnormalities in kynurenine metabolism 

may impact the structure of the hippocampus and amygdala, highlighting a pathway through 

which inflammation may exert neuropathological effects in the context of depression.
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Introduction

The phenomenological overlap between the behavioral changes observed in humans and 

animals suffering from infection (e.g. anhedonia, fatigue, sleep disturbances, and the desire 

for social isolation, a.k.a. sickness behavior) and certain symptoms of idiopathic major 

depression led to the hypothesis that the peripheral immune system communicates with the 

central nervous system (CNS) to modulate emotions and behavior, and that immunological 

dysregulation may be an important component of primary mood disorders (Dantzer et al., 

2008). Immune mediators may affect neuronal functions directly or indirectly via alterations 

in the balance between potentially neuroprotective and neurotoxic kynurenine metabolites as 

a result of the activation of the kynurenine metabolism pathway (figure S1) (Dantzer et al., 

2011; Miller et al., 2009; Schwarcz et al., 2012).

One of these kynurenine metabolites, quinolinic acid (QA), is a known neurotoxin that is 

produced in the brain by microglia and infiltrating macrophages QA activates N-methyl-D-

aspartate (NMDA) receptors and additionally exerts neurotoxic effects via lipid 

peroxidation, and disruption of the blood-brain barrier (Schwarcz et al., 2012; Stone et al., 

2012). Further, QA has the ability to initiate an inflammatory response or augment existing 

disease-associated inflammation by enhancing the production of pro-inflammatory proteins 

(Stone et al., 2013). Elevated concentrations of QA have been reported in both the serum 

and the cerebrospinal fluid (CSF) of patients with neurodegenerative and inflammatory 
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disorders such as Alzheimer’s disease and (AD) and systemic lupus erythematosus patients 

with neuropsychiatric symptoms (Ting et al., 2009; Vogelgesang et al., 1996).

Another kynurenine metabolite produced by macrophages and microglia that may have 

neurotoxic properties is 3HK, a free radical generator. In vitro work has demonstrated that 

the administration of pharmacological doses of 3-hydroxy-kynurenine (3HK) may kill 

hippocampal neurons (Okuda et al., 1996) and cortical neurons (Chiarugi et al., 2001), 

perhaps explaining why levels of 3HK have been reported to be elevated in the serum of AD 

patients (Schwarz et al., 2013) and in the brains of Parkinson’s disease (PD) (Ogawa et al., 

1992) patients postmortem.

In contrast, kynurenic acid (KynA) is a pleiotropic astrocyte-derived metabolite that at least 

in vitro, acts as an endogenous competitive antagonist of all ionotrophic excitatory amino 

acid receptors including the NMDA receptor (Birch et al., 1988). In addition, KynA is an α7 

nicotinic receptor antagonist, an orphan G-protein-coupled receptor (GPR35) agonist, an 

aryl hydrocarbon receptor (AHR) agonist, and an enhancer of nerve growth factor (NGF) 

expression, potentially regulating the inflammatory response together with glutamatergic, 

cholinergic, and dopaminergic neurotransmission (Stone et al., 2013). Inducing an elevation 

in peripheral KynA by blocking the enzyme, kynurenine 3-monooxygenase (KMO), in 

mouse models of AD and Huntington’s disease (HD) suppresses microglial activation, limits 

neuronal and synaptic loss, improves memory, alleviates anxiety, and extends lifespan 

possibly by decreasing QA concentrations and/or glutamate-induced excitotoxicity (Zwilling 

et al., 2011). Similarly, pharmacological inhibition of KMO is neuroprotective in animal 

models of cerebral ischemia (Moroni et al., 2003), a genetic reduction in KynA production 

increases vulnerability to excitotoxic insults (Sapko et al., 2006), while in humans, reduced 

concentrations of KynA have been reported in the CSF of MS patients (Rejdak et al., 2002). 

These data have led to a heuristic model that regards 3HK and QA as potentially neurotoxic 

and KynA as potentially neuroprotective (Amaral et al., 2013; Stone et al., 2012).

Because the various kynurenine metabolites impact the brain differently, their 

concentrations may be better expressed as ratios of neuroprotective to neurotoxic 

metabolites or neurotoxic to neuroprotective metabolites rather than as absolute values. Our 

previous work provided some support for this model in the context of primary mood 

disorders. In a morphometric MRI study, we reported a positive correlation between the 

KynA/QA ratio, a putative neuroprotective index (Johansson et al., 2013; Kocki et al., 

2012), and total gray matter (GM) volumes of the hippocampus and amygdala in 

unmedicated patients with MDD but not in healthy controls (Savitz et al., 2014).

Histopathological studies of rodents and humans (Cobb et al., 2013; Duric et al., 2013) 

indicate that reductions in GM volume of brain regions such as the hippocampus and 

amygdala, which are widely reported in MRI studies of mood disorders (Phillips and Swartz, 

2014; Savitz and Drevets, 2009), are reflective of dendritic atrophy (Cobb et al., 2013; 

McEwen, 1999; Stockmeier et al., 2004) occurring in the context of excitotoxicity, oxidative 

stress, decreased neurogenesis, and impaired neurotrophic function (Petrik et al., 2012).
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Because of the reductions in the GM volume of cortico-limbic structures in BD (Phillips and 

Swartz, 2014; Savitz and Drevets, 2009), coupled with the reports of increased microglia 

function and/or impaired astrocytic function in the prefrontal cortices, hippocampi and/or 

amygdalae of depressed populations at postmortem (Haarman et al., 2014; Steiner et al., 

2011; Webster et al., 2005) one might expect to find a decrease in putative neuroprotective 

kynurenine metabolites (i.e. KynA) and/or an increase in putative neurotoxic metabolites 

(i.e. 3HK and QA) in BD. Unfortunately, very few studies have measured KynA, 3HK, and 

QA in the same samples.

With respect to the putative neurotoxic metabolites, (Steiner et al., 2011) reported an 

increased density of QA-positive microglial cells in the subgenual anterior cingulate cortex 

(sgACC) and the mid-anterior cingulate cortex in postmortem samples of subjects with 

MDD and BD versus control samples. Regarding KynA, (Myint et al., 2007) reported a 

significant decrease in tryptophan and KynA in the BD group versus the controls. In 

contrast, KynA concentrations in the CSF of medicated, euthymic males with type I BD 

(BD1) and type 2 BD (BD 2) were reported to be elevated versus healthy controls (Olsson et 

al., 2010), and the elevation in KynA was associated with a history of psychotic episodes 

(Olsson et al., 2012). Consistent with these data, (Lavebratt et al., 2014) found a reduction in 

the postmortem expression of the enzyme, KMO in the dorsolateral prefrontal cortices of 

medicated BD1 patients with a history of psychosis, putatively altering the metabolism of 

kynurenine such that an increased concentration of KynA was present in these patients.

In one ex vivo study of skin fibroblasts from predominantly depressed and lithium-treated 

BD subjects and neuroleptic-treated schizophrenic subjects that did measure both putative 

neurotoxic and neuroprotective metabolites, (Johansson et al., 2013) reported basal 

elevations in both 3HK and KynA in the patient groups versus the healthy control group. 

Exposure to various pro-inflammatory cytokines further increased the levels of 3HK, but not 

KynA, in the schizophrenia and BD groups, raising the possibility that 3HK is 

disproportionately elevated in schizophrenia and BD (Johansson et al., 2013). These data are 

consistent with our recent report of a nominal decrease in the ratio of KynA/QA in 

depressed, unmedicated subjects with MDD versus healthy controls; this despite the absence 

of significant group differences in the concentrations of KynA, alone or QA, alone (Savitz et 

al., 2014).

Based on the literature discussed above, we hypothesized that the putative neuroprotective 

indices KynA/3HK and KynA/QA would be decreased in patients with BD and would 

positively correlate with the GM volume of the hippocampus and the amygdala in patients 

with BD. Nevertheless, as discussed above, the literature is complicated by the fact that 

elevations in KynA have been reported in BD patients with a history of psychosis. Thus 

conceivably there may be a different relationship between GM volumes and kynurenine-

pathway metabolites in BD patients with and without a history of psychosis. Further, 

interpretation of the extant literature is complicated by the potentially confounding influence 

of the medications used to treat BD since certain of these medications have themselves been 

shown to affect GM volume and inflammation (Nassar and Azab, 2014; Savitz and Drevets, 

2009). Here we extend the extant literature by measuring a range of kynurenine-pathway 

metabolites in serum samples from both unmedicated and medicated BD patients, evaluating 
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the effect of a history of psychosis on kynurenine metabolite concentrations, and testing for 

correlations between hippocampal and amygdalar volumes and the peripheral concentrations 

of putatively neuroactive kynurenine metabolites.

Methods

Subjects

Subjects provided written informed consent after receiving a full explanation of the study 

procedures and risks, as approved by the local IRB.

All BD subjects (n=63) and healthy controls (n=48) were interviewed with the Structured 

Clinical Interview for the DSM-IV-TR. In addition, unstructured psychiatric interviews with 

board-certified psychiatrists were obtained on all participants with BD.

The majority of the BD subjects (both medicated and unmedicated) had a Hamilton 

Depression Rating Scale (HAM-D, 24-item) score in the moderately-to-severely depressed 

range (table 1). Anhedonia symptoms were measured with the Snaith-Hamilton Pleasure 

Scale (SHAPS) and manic symptoms with the Young Mania Rating Scale (YMRS). The 

unmedicated BD group did not receive any psychotropic medications for at least 3 weeks (8 

for fluoxetine) prior to the blood-draw and MRI scanning (mean length of time off 

medication: 39.6±30.0 months; 6 participants treatment-naïve). The medicated BD subjects 

were receiving treatment with the following medications at the time of the study: adderall, 

n=2, aripiprazole, n=8; benzodiazepines, n=13; bupropion, n=5; carbazepine, n=1; 

divalproex sodium, n=4; gabapentin, n=3; lamotrigine, n=18; lithium, n=2; methylphenidate, 

n=1; olanzapine, n=2; quetiapine, n=2; risperidone, n=1; SSRI/SNRI, n=16; trazodone, n=4; 

zolpidem, n=3. Exclusion criteria were as follows: serious suicidal ideation or behavior; 

medical conditions or concomitant medications likely to influence CNS or immunological 

function including cardiovascular, respiratory, endocrine and neurological diseases; a history 

of drug or alcohol abuse within 6 months or a history of drug or alcohol dependence within 

1 year (DSM-IV-TR criteria), and general MRI exclusion criteria such as magnetic implants 

or claustrophobia.

The healthy control individuals met the same exclusion criteria except that they had no 

personal or family (first-degree relatives) history of psychiatric illness assessed using the 

Structured Clinical Interview for the DSM-IV-TR and the Family Interview for Genetic 

Studies (FIGS).

MRI

The scans were acquired on a 3 Tesla GE Discovery MR750 MRI scanner (GE Medical 

Systems) with a receive-only 32 elements surface coil brain array (Nova Medical) using a 

magnetization-prepared, rapid gradient echo (MP-RAGE) pulse sequence with sensitivity 

encoding (SENSE) optimized for tissue contrast resolution: (TR=5msec, TE=2.01 msec, 

FOV 240×192 mm; voxel size=0.94 × 0.94 × 0.90 mm; prep=725 msec, delay=1400 msec, 

flip=8° SENSE acceleration R=2). The automated segmentation program, FreeSurfer (http://

surfer.nmr.mgh.harvard.edu/) was used to obtain unbiased GM volumes of the hippocampus, 

amygdala and whole brain. The T1-weighted MPRAGE images were processed using the 

Savitz et al. Page 5

Psychoneuroendocrinology. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://surfer.nmr.mgh.harvard.edu/
http://surfer.nmr.mgh.harvard.edu/


default analysis settings of FreeSurfer. Representative examples of the hippocampal and 

amygdala masks from a single subject are shown in supplementary figures, S2 and S3. 

Visual inspection of the FreeSurfer-based segmentations was performed to confirm accurate 

segmentation of the hippocampus and the amygdala. MRI data were either not available or 

the FreeSurfer segmentations were judged to be inaccurate based on a manual check for 7 

individuals with BD and 2 healthy controls leaving a total of 56 BD subjects and 46 healthy 

controls with valid MRI data. An example of an error in the segmentation of the 

hippocampus is provided in figure S4.

Kynurenine Pathway Metabolites

A blood sample was obtained from each subject within three days of completing the MRI 

scan. Subjects fasted overnight and the blood sample was drawn by venipuncture between 

8am and 11am. Serum samples were collected with BD Vacutainer serum tubes, processed 

according to the standard BD Vacutainer protocol, and stored at −80° C.

Concentrations of tryptophan (TRP), kynurenine (KYN), kynurenic acid (KynA), 3-

hydroxykynurenine (3HK), and quinolinic acid (QA) were measured blind to diagnosis by 

Brains Online, LLC (www.brainsonline.org/home). The serum metabolite concentrations 

were determined by high performance liquid chromatography (HPLC) with tandem mass 

spectrometry (MS/MS) detection using their standard protocols (Appendix A). High-

sensitivity C-reactive protein (hs-CRP) was measured in a clinical laboratory using the 

Kamiya Biomedical K-Assay (Appendix A).

Statistical Analysis

All the statistical tests conducted were two-tailed. Deviations from normality were tested 

using the Kolmogorov-Smirnov test and non-normally distributed variables were log 

normalized. Differences in kynurenine pathway metabolites between the BD subjects 

(combined medicated and unmedicated samples) and the healthy controls were evaluated 

with ANOVA. Since age and sex differed between the BD subjects and healthy controls 

(table 1), age and sex were used as covariates. For the primary variables of interest 

(KynA/3HK and KynA/QA) a statistical threshold of p<0.05 was used for determining 

statistical significance whereas for the individual metabolites and the kynurenine to 

tryptophan ratio (KYN/TRP) we used a Bonferroni correction for multiple testing (p<0.008). 

Similarly, differences in total hippocampal volume and amygdalar volume between the BD 

subjects and healthy controls were evaluated using ANOVA with age, sex and intracranial 

volume (ICV) as covariates. We used a statistical threshold of p<0.05 since there is extant 

evidence that hippocampal and amygdalar volume is decreased in unmedicated patients with 

BD.

Linear regression was used in order to evaluate the effects of medication status (yes/no), a 

history of psychosis (yes/no; BD P+/BD P-), and a history of suicide attempts (yes/no) on 

the concentration of kynurenine metabolites and GM volume within the BD group. 

Statistical thresholds were as above.

Pearson’s (r) or Spearman’s (rs) tests were used to measure the correlations between the 

kynurenine metabolites and the GM volumes as well as between the kynurenine metabolites 
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and the severity of depression and the degree of anhedonia within the BD group. For those 

kynurenine metabolites that were statistically correlated with hippocampal and/or amygdalar 

volume and/or the clinical rating scales, we subsequently conducted a linear regression 

analysis to control for the potential confounds, age, sex, BMI, and ICV (model 3). However, 

in order to reduce the possibility of Type II error (false negatives) we also show the 

unadjusted regression models (model 1) and the regression models controlling for age, sex, 

BMI, but not ICV (model 2). A statistical threshold of p<0.05 was used for the two primary 

variables of interest (KynA/3HK and KynA/QA) whereas for the individual metabolites and 

KYN/TRP a statistical threshold of p<0.008 was used to determine significance.

Results

Deviations from normality

With the exception of kynurenine (p=0.141) and KynA/3HK (p=0.200) the statistical 

distribution of all other kynurenine pathway metabolites violated the assumption of 

normality and thus were log10 normalized prior to the use of parametric statistics.

The relationship between inflammation and the kynurenine metabolites

A general marker of inflammation, high-sensitivity CRP (hs-CRP), was significantly 

correlated with QA (rs=0.24, p=0.025), KynA/3HK (r=−0.28, p=0.011), and KynA/QA (rs=

−0.28, p=0.008) in the total sample (table A8).

Diagnostic group differences in kynurenine pathway metabolites

After controlling for age and sex no statistically significant differences in the concentration 

of CRP was found between the BD subjects (“All BD” in table 1) and the healthy controls. 

Similarly, no statistically significant differences in the concentration of any of the individual 

kynurenine metabolites were found between the BD and healthy control groups. However, 

the ratio KynA/QA (but not KynA/3HK) was significantly lower in the BD subjects 

compared with the healthy controls (F3, 107=4.2, p=0.043, figure 1D) after controlling for 

age and sex. There were no significant effects of medication status, history of psychosis, or 

past history of suicide attempts on the concentrations of CRP or the kynurenine metabolic 

pathway metabolites (all p-values>0.1).

Diagnostic group differences in GM volume of the hippocampus and amygdala

The BD subjects had smaller hippocampal volumes (t=2.2, d.f.=100, p=0.034) and 

amygdalar volumes (t=2.4, d.f. =100, p=0.017) than healthy controls (table 1, figures 1A and 

B). However, after controlling for age, sex, and ICV, the differences in hippocampal volume 

(F4, 97=1.9, p=0.168) and amygdalar volume (F4, 97=2.1, p=0.154) between the BD subjects 

and the healthy controls were no longer significant. Further, a history of psychotic 

symptoms, suicide behavior, and medication status did not significantly impact hippocampal 

or amygdalar volume (all p-values>0.2).
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Associations between the kynurenine metabolites and hippocampal and amygdalar 
volumes in the combined BD group

Table 2 shows that KynA/3HK was positively correlated with both hippocampal and 

amygdalar volume whereas KYN was positively correlated with amygdalar volume. We 

therefore conducted additional regression analyses to further explore these correlations.

In the unadjusted regression models, KynA/3HK was positively associated with both 

hippocampal volume (β-weight = 0.35, t=2.8, p=0.008) and amygdalar volume (β-weight = 

0.32, t=2.5, p=0.015) in the combined BD sample (table 3, figure 2). After controlling for 

age, sex, and BMI (model 2), the association between KynA/3HK and hippocampal volume 

remained statistically significant (β-weight = 0.30, t=2.4, p=0.022) with the association 

between KynA/3HK and amygdalar volume trending significant (β-weight = 0.25, t=2.0, 

p=0.051). Similarly, after controlling for age, sex, BMI, and ICV (model 3), KynA/3HK 

remained significantly associated with hippocampal volume (β-weight = 0.25, t=2.0, 

p=0.048), but not amygdalar volume (β-weight = 0.18, t=1.6, p=0.124).

KYN was significantly associated with amygdalar volume in the unadjusted regression 

model (β-weight = 0.34, t=2.7, p=0.010) but not regression models 2 or 3 (table 3). 

Nevertheless, the positive association between KYN and amygdalar volume in the 

unadjusted model did not remain significant after correction for multiple testing 

(significance threshold p<0.008).

Associations between the kynurenine metabolites and hippocampal and amygdalar 
volumes in the HC group

Table 2 shows the significant correlations between the kynurenine pathway metabolites and 

GM volumes in the healthy control group. Total amygdalar volumes were positively 

correlated with KynA/3HK but negatively correlated with 3HK and CRP. In addition, 

KYN/TRP and CRP were significantly negatively correlated with ICV.

The unadjusted regression analysis (model 1, table 3) showed that KynA/3HK was 

significantly predictive of amygdala volume (β-weight = 0.34, t=2.4, p=0.023). However, 

this result was no longer significant for model 2 (β-weight = 0.20, t=1.3, p=0.185) or model 

3 (β-weight = 0.21, t=1.4, p=0.161). Regression models 1, 2, and 3 all showed a non-

significant association between 3HK and amygdala volume and between CRP and amygdala 

volume (all p-values > 0.09, table 3). On the other hand, there was a nominally significant 

association between CRP and ICV in regression model 1 (β-weight = 0.44, t=2.7, p=0.011, 

statistical threshold of p=0.008) but not regression model 2. Similarly, KYN/TRP was 

nominally associated with ICV in model 1 (β-weight = 0.35, t=2.4, p=0.022, statistical 

threshold of p=0.008) but not model 2 (table 3).

Associations between the kynurenine metabolites and the clinical rating scales in the BD 
group

Within the BD subjects, there were no statistically significant correlations between the 

SHAPS and the kynurenine metabolites. 3HK was positively correlated with the HAM-D 

scores (rs=0.27, p=0.043) and the association remained nominally significant after 
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controlling for age, sex, and BMI (β-weight=0.28, t=2.1, p=0.039; statistical threshold 

p=0.008).

Discussion

Here we found a reduction in the putative neuroprotective index, KynA/QA, but no 

difference in any of the individual kynurenine metabolites, in the BD group versus the 

healthy controls. This result confirms our hypothesis that the relative balance in activation of 

the KynA-pathway versus the QA-pathway is disturbed in BD, and extends our previously 

published finding of a reduction in KynA/QA in unmedicated patients with MDD (Savitz et 

al., 2014). We hypothesize that a key abnormality in mood disorders is the ratio of KynA to 

QA-pathway metabolites because these metabolites affect brain function and structure 

differently. That is, KynA and QA exert opposite effects on the NMDA receptor. Thus it 

may be more informative to consider their levels relative to each other than their absolute 

levels. Consistent with our data/hypothesis, an ex vivo study suggested that 3HK is 

disproportionately elevated relative to KynA in the skin fibroblasts of BD samples after 

stimulation of the cells with pro-inflammatory cytokines (Johansson et al., 2013). Further, a 

postmortem study reported an increased density of QA-positive cells in the sgACC in a 

depressed sample which included individuals with BD (Steiner et al., 2011), and (Myint et 

al., 2007) found a decrease in KynA in BD subjects relative to healthy controls.

In contrast to the results of two other studies that reported elevations in KynA in psychotic 

disorders, including BD (Lavebratt et al., 2014; Olsson et al., 2010), we found no indication 

of increased KynA in BD subjects with a history of psychosis (table 1). The reason for the 

discrepancy in results is unclear but could potentially be related to mood state or treatment 

with lithium. For instance, in the (Olsson et al., 2010) study, the BD subjects were euthymic 

at the time of testing and most were receiving treatment with lithium. Since KynA is 

putatively neuroprotective, conceivably levels of KynA will increase as the patients remit, 

although this hypothesis needs to be tested in longitudinal studies. Secondly, lithium has 

been demonstrated to possess immune-modulating properties (Nassar and Azab, 2014) and 

exerts therapeutic effects across a range of CNS disorders (Leeds et al., 2014), raising the 

possibility that lithium-treated groups of BD patients display different kynurenine 

metabolite profiles to the medicated BD patients studied here (see further discussion below). 

Thirdly, we measured kynurenine metabolites in serum rather than in CSF, and it is thus 

theoretically possible that our data are not reflective of central kynurenine metabolite 

concentrations. Kynurenine and 3HK are however, able to cross the blood brain barrier into 

the brain parenchyma where they may be metabolized into KynA and QA by astrocytes and 

microglial cells, respectively (Schwarcz et al., 2012). This may explain why (Raison et al., 

2010) found that INF-α-treated hepatitis C patients showed both plasma and CSF increases 

in kynurenine and QA that correlated with depressive symptoms (although this was an 

extreme case of immune-induced changes in kynurenine metabolites and their association 

with clinical features of depression). Further, (Zwilling et al., 2011) demonstrated using 

mouse models of AD and HD that peripheral administration of an experimental drug that 

directly inhibits KMO, elevated brain levels of KynA and decreased glutamate release and 

excitotoxicity in the brain parenchyma despite the fact that neither the prodrug nor its 

metabolite were capable of crossing the blood brain barrier. A recent study provides 
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additional evidence that the peripheral immune system plays a critical role in the stress-

associated induction of depressive behavior (Hodes et al., In press). Stress susceptible mice 

were found to produce higher levels of interleukin-6 (IL-6) compared with resilient mice. 

The authors subsequently generated bone marrow chimeras transplanted with hematopoietic 

progenitor cells from the stress susceptible mice or IL-6 knockout mice. The stress 

susceptible chimeras exhibited increased depression-like behavior, whereas the knockouts 

were resistant to the stress, this despite the fact that the resident microglia population was 

left intact in the chimeras (Hodes et al., In press).

One unexpected finding was that the medicated BD group did not differ significantly from 

the unmedicated BD group in terms of kynurenine metabolite concentrations or GM 

volumes of the hippocampus and amygdala after covarying for age, sex, and ICV. We and 

others have demonstrated that lithium (and potentially valproic acid) is associated with an 

increase in GM volume to normative levels in multiple brain regions, including the 

hippocampus and amygdala (Savitz and Drevets, 2009; Savitz et al., 2010). In our current 

sample of 38 BD patients, only 2 were treated with lithium and 4 were treated with 

divalproex, suggesting that atypical antipsychotics, lamotrigine, and SSRIs, the most 

commonly prescribed medications in our current sample, may not exert the equivalent 

hypertrophic effects. Interestingly, administration of valproic acid, which we previously 

demonstrated to be associated with larger amygdala volumes in BD patients (Savitz et al., 

2010), reportedly increased the levels of KynA in the rat brain (Maciejak et al., 2013). 

Similarly, (Kocki et al., 2012) reported that 24–48 hours of exposure to selective serotonin 

reuptake inhibitors or tricyclic antidepressant medications stimulated the de novo synthesis 

of KynA and decreased 3HK production in astroglial cultures, thus resulting in an increase 

in the KynA to 3HK ratio. Another study reported that patients with schizophrenia had lower 

plasma concentrations of KynA and higher plasma concentrations of 3HK than HCs, an 

effect that was ameliorated by 6 weeks of treatment with antipsychotic treatment such that a 

significant increase in the KynA/3HK ratio was observed post-treatment (Myint et al., 

2011). One possible explanation for the absence of medication effects in our study is that 

despite treatment, the medicated patients remained on average moderately-to-severely 

depressed, raising the possibility that a proportion of the patients were treatment resistant. A 

number of studies have reported that resistance to treatment with SSRIs/SNRIs in the 

context of MDD is associated with increased inflammation (Uher et al., 2014) and a SNP in 

the IDO gene was found to be associated with response to treatment with citalopram in the 

Sequenced Treatment Alternatives to Relieve Depression study (STAR*D) cohort (Cutler et 

al., 2012). Nevertheless, since we did not formally assess treatment resistance, our 

hypothesis remains speculative.

A potentially important finding is the significant positive association between KynA/3HK 

and hippocampal volume (and nominally significant association with amygdalar volume) in 

the BD group. Previously we reported a positive association between KynA/QA and 

hippocampal and amygdalar volume in an independently-typed group of depressed patients 

with MDD but not in the independently-typed healthy controls. These data are potentially 

consistent with a heuristic model that regards KynA as neuroprotective and 3HK and QA as 

neurotoxic at high enough concentrations. Preclinical and in vitro data support the 
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possibility that hippocampal structure may be impacted by neuroactive kynurenine 

metabolites. For instance, in a rat model of pneumococcal meningitis, acute infection caused 

3HK to accumulate in the hippocampus and the concentration of 3HK was positively 

correlated with the extent of apoptosis in this region (Bellac et al., 2006). Conversely, 

neurons exposed to extracellular glutamate showed a reduction in dendritic growth that was 

prevented by administration of KynA (Monnerie et al., 2003). (Zunszain et al., 2012) 

demonstrated that the suppressive effects of IL-1 on human hippocampal progenitor cells in 

vitro can be reversed by treatment with a KMO inhibitor. Nevertheless, the relationship 

between hippocampal neurogenesis and hippocampal GM volume is complex has yet to be 

fully clarified in primates (Wu et al., 2014).

In the HC group, we observed a number of suggestive associations between GM volumes 

and metabolites of the kynurenine pathway or CRP that did not remain significant after 

correction for multiple testing. Perhaps most importantly, KynA/3HK was positively 

associated with amygdalar volume prior to controlling for sex, age, and BMI. One possible 

explanation for this result is the presence of BMI-driven variation in inflammation in the 

healthy controls: the mean BMI of the HC group was 28.0 (range 19.9 – 43.9) with a 

standard deviation of 5.8. The mean CRP concentration of the HC group was 3.1 with a 

standard deviation of 4.7 (range 0.2 – 26.8).

A limitation of our study is that it is cross-sectional such that the data reported here are 

correlative in nature and unlike some of the animal studies cited above, do not provide 

information concerning cause and effect relationships. Further, the sample sizes of certain 

subgroups such as the BD P+ group (n=18) and the suicide attempter group (n=14) were 

relatively modest and given the fact that the study was performed in a heterogeneous 

population of patients, the statistical power needed to detect differences among the 

diagnostic groups may not have been adequate.

Another limitation is that we were only able to measure circulating levels of kynurenine-

pathway metabolites, and it therefore remains unclear whether the hippocampal and 

amygdalar concentrations of KynA, 3HK, and QA in the brains’ of the volunteers were 

sufficient to exert neurotoxic or neuroprotective effects. However, (Stone et al., 2012) have 

argued that the levels of kynurenine metabolites in the plasma/serum are substantially 

diluted relative to the extracellular spaces that are in close proximity to activated 

macrophages in the periphery, and microglia and astrocytes in the CNS.

In conclusion, our results raise the possibility that BD-associated abnormalities in 

kynurenine metabolism may negatively impact the hippocampus and possibly the amygdala, 

structures that have been shown to be both functionally impaired and reduced in volume in 

unmedicated patients with BD (Savitz and Drevets, 2009). These changes in kynurenine 

metabolism are partly driven by inflammation and as such our data strengthen the 

inflammation model of depression by providing some of the first evidence that neuroactive 

kynurenine metabolites may impact limbic structures such as the hippocampus and 

amygdala, in vivo.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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APPENDIX A

BIOANALYTICAL METHODS FOR KYNURENINE METABOLIC PATHWAY 

MEASUREMENTS

Concentrations of Quinolinic acid (QA), 3-Hydroxy-kynurenine (3HK), Tryptophan (Trp), 

Kynurenine (Kyn), and Kynurenic Acid (KynA) in serum were determined by HPLC with 

tandem mass spectrometry (MS/MS) detection.

A.1 Analysis of Quinolinic Acid

Serum samples (20 µl) were mixed with 20 µl internal standard (2.5*10−6 M QA-d3) in 

acetonitrile and thoroughly mixed. After 5 min samples were centrifuged at 13000 rpm for 5 

min at 4 °C. 10 µl supernatant was transferred into a separate vial and mixed with 90 µl 

ultrapure water already containing 0.2 % tri-fluoric acid (TFA). 30 µl of this mixture was 

automatically injected into the LC system by an automated sample injector (SIL-10AD, 

Shimadzu, Japan). Chromatographic separation was performed on a reversed phase Synergi 

max-RP 3.0 * 100 mm, particle size: 2.5 µm (Phenomenex, USA) held at a temperature of 

35° C. Components were separated using a linear gradient of ACN/0.2% TFA in UP/0.2% 

TFA (flow rate 0.3 ml/min) following this scheme:

Table A1

LC gradient time scheme

Time (min) % ACN

0 0
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Time (min) % ACN

5 24

5.1 30

5.9 30

6 0

The flow of the LC was diverted to the waste for 3 minutes, after which it was switched to 

the MS for detection of QA. MS analyses was performed using a API 4000 MS/MS system 

consisting of a API 3000 MS/MS detector and a Turbo Ion Spray interface (both from 

Applied Biosystems, USA). The acquisitions were performed in positive ionization mode, 

with ion spray voltage set at 5 kV with a probe temperature of 550 °C. The instrument was 

operated in multiple-reaction-monitoring (MRM). The collision gas (nitrogen) pressure was 

held at 10 psig. Data were calibrated using calibration curve prepared in serum matrix and 

quantified using the Analysttm data system (Applied Biosystem, version 1.4.2).

Table A2

MRM for QA and its deuterated internal standard

Analyte Q1 Q3

QA 168.1 78.2

QA-d3 171.2 81.25

A.2 Analysis of 3HK

Serum (10 µl) were mixed with 40 µl internal standard (2*10−7 M d5-KYNA) in acetonitrile 

and thoroughly mixed. After 5 min samples were centrifuged at 13000 rpm for 5 min at 4 

°C. 10 µl supernatant was transferred into a separate vial and mixed with 100 µl ultrapure 

water already containing 0.1 % formic acid (FA) and 0.01% Ascorbic acid. 25 µl of the 

mixture was injected into the HPLC-MS/MS system by an automated sample injector 

(SIL-10AD, Shimadzu, Japan). Chromatographic separation was performed on reversed 

phase column, BDS Hypersil C18, 2.1×150 mm Particle size 3µm (Thermo Scientific, 

USA), held at a temperature of 25° C with a total flow rate of 0.20 ml/min over the column. 

Components were separated using a linear gradient of ACN in UP, and contained 0.1 % FA. 

The gradient followed this scheme:

Table A3

LC gradient time scheme acetylcholine

Time (min) % ACN

0 0

3.5 27

6.9 95

7.4 83
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Time (min) % ACN

7.8 0

The flow of the LC was directed to the MS from 4.5 to 8.2 minutes of the run for detection 

of 3HK. MS analyses was performed using an API 4000 MS/MS system consisting of an 

API 4000 MS/MS detector and a Turbo Ion Spray interface (both from AB Sciex, USA). 

The acquisitions were performed in positive ionization mode, with ion spray voltage set at 5 

kV with a probe temperature of 600° C. The instrument was operated in multiple-reaction-

monitoring (MRM) mode Data were calibrated using calibration curve prepared in serum 

matrix and quantified using the Analysttm data system (Applied Biosystem, version 1.4.2).

Table A4

MRM for the respective analytes

Analyte Q1 Q3

3HK 225.3 207.95

d5-KynA 195.05 149.0

A.3. Analysis of Kynurenine, Kynurenic Acid and Tryptophan

Serum (10 µl) were mixed with 100 µl internal standard (2*10−7 M d5-KYNA & 3*10−4 M 

d2-KYN) in acetonitrile and thoroughly mixed. After 5 min samples were centrifuged at 

13000 rpm for 5 min at 4 °C. 10 µl supernatant was transferred into a separate vial and 

mixed with 100 µl ultrapure water already containing 0.1 % formic acid (FA) and 0.01% 

Ascorbic acid. 20 µl of the mixture was injected into the HPLC-MS/MS system by an 

automated sample injector (SIL-10AD, Shimadzu, Japan). Chromatographic separation was 

performed on reversed phase column, XBridge C18, 2.1×100mm particle size 3.5µm 

(Waters, USA), held at a temperature of 30° C with a total flow rate of 0.25 ml/min over the 

column. Components were separated using a linear gradient of ACN in UP, and contained 

0.1 % FA. The gradient was performed according to the following scheme:

Table A5

LC gradient time scheme.

Time (min) % ACN

0 0

4.5 15

8.0 85

8.5 85

9.0 0

The flow of the LC was directed to the MS from 4.0 to 8.1 minutes of the run for detection 

of Kyn, KynA and Trp (post column make up flow 0.1 mL/min (acetonitril/0.1% FA). MS 

analyses was performed using an API 4000 MS/MS system consisting of an API 4000 
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MS/MS detector and a Turbo Ion Spray interface (both from AB Sciex, USA). The 

acquisitions were performed in positive ionization mode, with ion spray voltage set at 5 kV 

with a probe temperature of 600° C. The instrument was operated in multiple-reaction-

monitoring (MRM) mode. Data were calibrated using calibration curve prepared in serum 

matrix and quantified using the Analysttm data system (Applied Biosystem, version 1.4.2).

Table A6

MRM for the analytes and their internal standard

Analyte Q1 Q3

Kyn 209.15 146.1

d2-Kyn 211.15 148.1

Trp 205.2 170.1

KynA 190.05 144.0

d5-KynA 195.05 149.0

Table A7

Lowest level of quantification and the intra-assay percentage of coefficient of variation for 

the analytes measured by high performance liquid chromatography with tandem mass 

spectrometry.

Analyte LLOQ % CV

TRP 10 µM 5.70

KYN 0.75 µM 5.83

KynA 12.5 nM 5.36

3HK 10 nM 4.50

QA 50 nM 3.70

Note: The LLOQ and % CV data are derived from a group of subjects with MDD in addition to the BD subjects and 
healthy controls included in this study.

A.4 HIGH SENSITIVITY C-REACTIVE PROTEIN (CRP) ASSAY

The Kamiya Biomedical K-Assay for C-Reactive Protein (CRP) was used for the 

quantitative determination of CRP in serum by immunoturbidimetric assay (Abbott c8000 

System). The degree of light scattering is measured by reading turbidity at 570 nm. The 

sample CRP concentration is determined versus dilutions of a CRP standard of known 

concentration. The analytical measurement range for the assay is 0.2 mg/L to 480.0 mg/L.

Table A8

Pearson's (r) and Spearman's (rs) correlation coefficients between the kynurenine pathway 

metabolites and CRP in the total sample.

CRP

TRP rs=−0.17, p=0.130
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CRP

KYN r=0.02, p=0.826

KYN/TRP rs=0.13, p=0.224

KynA r=−0.20, p=0.071

3HK rs=0.19, p=0.076

QA rs=0.24, p=0.025

KynA/3HK r=−0.28, p=0.011

KynA/QA rs=−0.28, p=0.008
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Highlights

• We measured serum concentrations of kynurenine metabolites in bipolar 

disorder (BD)

• We also measured gray matter volume of the hippocampus and amygdala in BD

• The ratio of kynurenic acid (KynA) to quinolinic acid (QA) was reduced in BD

• The ratio of KynA/3-hydroxykynurenine was correlated with hippocampal 

volume in BD

• Abnormalities in kynurenine metabolism may impact the structure of the 

hippocampus
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Figure 1. 
Scatterplots of group differences in (A) hippocampal volume, (B) amygdalar volume, (C) 

KynA/3HK, and (D) KynA/QA across the BD and healthy control groups. The unmedicated 

BD group is shown in blue circles, the medicated BD group is displayed with yellow 

squares, the BD subjects with a history of psychosis (BD P+) are shown in green diamonds, 

the BD subjects without a history of psychosis (BD P−) are shown in pink triangles, the 

combined unmedicated and medicated BD group is shown in inverted purples triangles, and 

the healthy controls are illustrated with orange stars. The mean and standard error of the 

mean is displayed for each group in black. The healthy control group had significantly larger 

hippocampal and amygdalar volumes than all five of the BD groups, but the results were no 

longer significant after regressing out the effects of age, sex, and intracranial volume. The 

unmedicated BD group had reduced levels of KynA/3HK compared with the healthy 

controls but the results were no longer significant after regressing out the effects of age and 

sex. The unmedicated BD (F=4.4, p=0.039) and the combined BD (F=4.2, p=0.043) group 

had reduced levels of KynA/QA compared with the healthy control group after controlling 

for age and sex.
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Figure 2. 
Scatterplots showing the correlation between KynA/3HK (y-axis) and GM volume of the 

hippocampus (x-axis) in the the BD subjects with and without a history of psychosis (A) and 

the unmedicated and medicated BD groups (B). Scatterplots showing the correlation 

between KynA/3HK (y-axis) and GM volume of the amygdala (x-axis) in the the BD 

subjects with and without a history of psychosis (C) and the unmedicated and medicated BD 

groups (D). The BD patients with a past history of psychosis (BD P+) are displayed in green 

diamonds, and the BD subjects without a history of psychosis are displayed in pink 

triangles. The unmedicated BD subjects are shown with blue circles. The medicated BD 

group is represented by yellow squares. After controlling for the effects of age, sex, BMI, 

and intracranial volume, KynA/3HK was significantly associated with GM volume of the 

hippocampus in the combined BD group (β-weight = 0.25, t=2.0, p=0.048). After controlling 

for age, sex, BMI, but not intracranial volume, KynA/3HK was nominally associated with 

GM volume of the amygdala in the combined BD group (β-weight = 0.25, t=2.0, p=0.051).
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Table 2

Pearson's (r) and Spearman's (rs) correlation coefficients between the kynurenine pathway metabolites and 

brain volumes within the BD (A), and HC (B) groups.

(A). BD ICV Total Hipp Total Amyg

TRP (rs) 0.27 0.20 0.24

KYN (r) 0.15 0.23 0.34*

KYN/TRP (rs) 0.06 0.04 0.11

KA (rs) 0.10 0.24 0.21

3HK (rs) −0.03 −0.08 0.002

QA (rs) −0.01 0.04 0.12

KynA/3HK (r) 0.11 0.35** 0.32*

KynA/QA (rs) 0.03 0.25 0.12

CRP (rs) 0.07 −0.05 0.06

(B). HC ICV Total Hipp Total Amyg

TRP (rs) 0.19 0.20 0.28

KYN (r) −0.25 0.09 0.05

KYN/TRP (rs) −0.31* −0.10 −0.11

KynA (rs) −0.08 −0.03 0.13

3HK (rs) −0.24 −0.25 −0.30*

QA (rs) −0.27 −0.12 −0.05

KynA/3HK (r) 0.10 0.11 0.34*

KynA/QA (rs) 0.28 0.13 0.23

CRP (rs) −0.50** −0.11 −0.34*

*
p<0.05

**
p<0.01

Abbreviations as in Table 1
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Table 3

Regression models showing the relationship between the kynurenine pathway metabolites and brain volumes 

within the BD (A), and HC (B) groups.

Association Model 1 (unadjusted) Model 2 (sex, age,
and BMI)

Model 3 (sex, age,
BMI, ICV)

A. BD Group β-weight, t-score, p-value β-weight, t-score, p-value β-weight, t-score, p-value

KYN & Amyg 0.34, 2.7, 0.010 0.19, 1.2, 0.254 0.20, 1.4, 0.174

KynA/3HK & Hipp 0.35, 2.8, 0.008** 0.30, 2.4, 0.022* 0.25, 2.0, 0.048*

KynA/3HK & Amyg 0.32, 2.5, 0.015* 0.25, 2.0, 0.051 0.18, 1.6, 0.124

B. HC Group β-weight, t-score, p-value β-weight, t-score, p-value β-weight, t-score, p-value

KYN/TRP & ICV 0.35, 2.4, 0.022 0.34, 1.7, 0.088 NA

CRP & ICV 0.44, 2.7, 0.011 0.30, 1.6, 0.131 NA

3HK & Amyg 0.15, 1.0, 0.317 0.04, 0.25, 0.805 0.03, 0.21, 0.836

KynA/3HK & Amyg 0.34, 2.4, 0.023* 0.20, 1.3, 0.185 0.21, 1.4, 0.161

CRP & Amyg 0.29, 1.7, 0.093 0.26, 1.4, 0.173 0.18, 0.9, 0.387

*
p<0.05, corrected,

**
p<0.01, corrected
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