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Abstract

Traumatic brain injury (TBI) is an established risk factor for the development of psychiatric
disorders, especially depression and anxiety. Yet the mechanistic pathways underlying this risk
remain unclear, limiting treatment options and hindering the identification of clinically-useful
biomarkers. One salient pathophysiological process implicated in both primary psychiatric
disorders and TBI is inflammation. An important consequence of inflammation is the increased
breakdown of tryptophan to kynurenine and, subsequently, the metabolism of kynurenine into
several neuroactive metabolites including the neurotoxic NMDA receptor agonist, quinolinic acid
(QuinA), and the neuroprotective NMDA receptor antagonist, kynurenic acid (KynA). Here,

we review studies of the kynurenine pathway (KP) in TBI and examine their potential clinical
implications. The weight of the literature suggests that there is increased production of neurotoxic
kynurenines such as QuinA in TBI of all severities, and that elevated QuinA concentrations in
both the cerebrospinal fluid and blood are a negative prognostic indicator, being associated with
death, MRI abnormalities, increased depressive and anxiety symptoms, and prolonged recovery.
We hypothesize that an imbalance in KP metabolism is also one molecular pathway through
which the TBI-induced neurometabolic cascade may predispose to the development of psychiatric
sequelae. If this model is correct, KP metabolites could serve to predict who is likely to develop
psychiatric illness while drugs that target the KP could help to prevent or treat depression and
anxiety arising in the context of TBI.
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Introduction

There were approximately 2.87 million traumatic brain injury (TBI)-related emergency
department visits, hospitalizations, and deaths in the U.S. in 2014 according to the CDC,
an underestimate that does not account for patients who received care in other clinical
settings or did not receive care at all (1). TBI is generally classified by severity as being
mild, moderate, or severe based on the patient’s level of consciousness (typically assessed
using the Glasgow Coma Scale which grades patients based on eye opening, verbal, and
motor responses) and the presence and duration of certain injury characteristics such as
loss of consciousness and amnesia. Thus, the spectrum of TBI ranges from severe injuries
that result in coma or death to mild sport-related concussions (SRC; typically considered a
subset of mild TBI) that may only cause transient symptoms without intracranial findings or
alterations in mental status.

The pathophysiology of TBI has been reviewed elsewhere (2-5). Briefly, injury to brain
tissue and associated vasculature occurs due to external forces, such as blunt trauma, rapid
acceleration/deceleration, penetrating injury, or blast. This primary injury can be focal (e.g.,
contusions) or diffuse (e.g., diffusion axonal injury) and can range from microstructural
changes not detectable by conventional neuroimaging to macroscopic lesions. This initial
trauma is followed by a range of metabolic and neurochemical changes that can lead to
secondary injury. Neurochemical changes include increased glutamate release and ionic
changes (i.e., potassium efflux; sodium/calcium influx), an initial increase in metabolism
and subsequent depletion of glucose, and neuroinflammation, among others. In most

mild cases it is thought these changes cause transient cellular dysfunction, but in more
severe cases or instances of repetitive injury they can lead to cell death, abnormal protein
accumulation, chronic inflammation, or other complications such as ischemia, hypoxia, or
edema (6).

TBI is also associated with increased risk for a variety of negative long-term health
outcomes including psychiatric disorders. A meta-analysis of 57 studies demonstrated that
prior TBI is associated with an increased risk for developing a subsequent psychiatric
disorder (Odds Ratio [OR]=2.00) (7). The same meta-analysis found that the greatest
psychiatric risk following TBI was depression (OR=2.14), though TBI was also associated
with elevated risk for bipolar disorder (OR=1.85) and mixed anxiety and depression
(OR=1.84) (7). Similarly, a meta-analysis of over 90 studies (n>10,000) found that TBI

of all severity (average time since injury=33.7 months) was associated with an increased
risk of major depressive disorder (MDD) and/or dysthymia (OR=1.66 for formal diagnosis,
OR=3.41 for clinically significant scores on self-report metrics), with MDD/dysthymia
present in 27% to 38% of TBI patients, depending on the outcome measure (i.e., formal
diagnosis versus self-report) (8). Depression is also more common in former athletes with a
history of SRC compared to those without (9). Multiple meta-analyses have shown that post-
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traumatic stress disorder (PTSD) is also more prevalent in both civilian and military TBI
patients (10-12). Unfortunately, the mechanistic pathways through which TBI predisposes
individuals to psychiatric complications remain unclear, limiting treatment options and
hindering the identification of prognostic and monitoring biomarkers.

The etiology of psychiatric symptoms following TBI likely includes a combination

of external factors (e.g., psychological trauma), functional disabilities that may result

from injury, and neuropathological changes. One physiological process that has been
hypothesized to play a mechanistic role in both TBI (13-15) and depression/anxiety
(16-20) is inflammation. An under-appreciated consequence of the inflammatory process
is activation of the kynurenine pathway (KP) to produce the cellular energy source
nicotinamide adenine dinucleotide (NAD™) from tryptophan via several neuroactive
intermediates. Preclinical studies demonstrate that KP metabolites are necessary

for inflammation-induced depressive-like behaviors, as the depressogenic effects of
inflammation can be prevented by blocking activation of the KP (21-23). In humans,
elevated concentrations of neurotoxic KP metabolites or reduced concentrations of
neuroprotective KP metabolites have been repeatedly associated with MDD and bipolar
disorder (24,25). Further, these KP abnormalities are attenuated by effective treatment of
depression, including electroconvulsive therapy (26), cognitive behavioral therapy (27),
neurofeedback (28), exercise (29,30), escitalopram (31), and ketamine (32—34). In this
review, we outline the key metabolites and enzymes of the KP and discuss their neuroactive
properties. Subsequently, we review the extant preclinical and clinical literature on the KP in
the context of TBI. In doing so, we present the hypothesis that TBI-induced abnormalities
in the KP contribute to secondary injury following TBI and may increase the risk for
psychiatric disorders following TBI. Finally, we discuss the potential clinical applications of
our mechanistic model.

Overview of KP pathway

The KP is the major pathway for tryptophan metabolism in both the periphery and central
nervous system (CNS), with 95% of TRP metabolized into kynurenine (KYN) by the
enzymes indoleamine 2,3-dioxygenase (IDO) and tryptophan dioxygenase (TDO) (Figure
1). IDO is thought to be predominantly expressed in macrophages and microglia while TDO
is primarily expressed in the liver. Because the KP is the major endogenous source of NAD+
and activated immune cells have higher energy requirements (35), several different cytokines
increase the activity of IDO, including interferon-gamma (IFNvy), interleukin-1p (IL-1B) and
tumor necrosis factor (TNF) (36-39). Conversely, the activity of TDO is primarily increased
by cortisol. Although not as extensively documented as inflammation, dysfunction of the
hypothalamic-pituitary-adrenal (HPA) axis has been documented following TBI (40-43).
KYN is subsequently broken down along one of two separate branches of the KP, in the
process producing metabolites that are generally regarded as having opposing properties.
The kynurenine aminotransferase (KAT) enzymes, which are thought be expressed in
astrocytes in the CNS, convert KYN to kynurenic acid (KynA). KynA is a glycine-site
antagonist of N-Methyl-D-aspartate (NMDA) receptors that competitively inhibits other
ionotropic glutamate receptors at high concentrations (44). Because of its ability to block
NMDA receptor-mediated excitotoxicity, KynA is often considered to be neuroprotective
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(44-46). KynA has also been hypothesized to act as a negative allosteric modulator of
a7-nicotinic receptors (47), an agonist for G protein-coupled receptor 35 (48), and an
agonist of the aryl hydrocarbon receptor (49).

Alternatively, inflammatory cytokines also increase the activity of the enzyme kynurenine-3-
monooxygenase (KMO) (36), which converts KYN into the free-radical generator 3-
hydroxykynurenine (3HK), which is in turn eventually metabolized into the NMDA receptor
agonist and potential neurotoxin, quinolinic acid (QuinA). QuinA has potency similar to
glutamate at the NMDA receptor but with less-efficient reuptake - therefore it has stronger
excitotoxic effects (50). QuinA has multiple other deleterious effects, promoting glutamate
release, inhibiting the reuptake of glutamate by astrocytes, generating reactive oxygen
species, disrupting the blood brain barrier, promoting tau phosphorylation, destabilizing

the cellular cytoskeleton, and disrupting autophagy (51). QuinA is subsequently converted
into NAD+ which plays an important role in cellular metabolism. Presumably because
inflammation is a metabolically-demanding state, metabolism down the “neurotoxic” QuinA
pathway is favored during immune activation (52,53).

TRP, KYN, and 3HK can be transported across the blood brain barrier (BBB). Under
physiological conditions 60-80% of KYN in the brain is thought to be from the periphery
and this approaches 100% following inflammation (54,55). KynA and QuinA do not readily
cross the BBB and thus central KynA and QuinA are thought to be derived from brain KYN
(55). However, there is some evidence that this view of blood brain permeability is overly
simplistic. First, peripheral administration of KynA has been shown to be neuroprotective
following experimental TBI (56-58). Second, there is preclinical evidence that 50%-70%

of radiolabeled QuinA infused subcutaneously is eventually detected in the brain and
cerebrospinal fluid (CSF) (59). Third, significant correlations between peripheral and CSF
levels of QuinA have been documented in unmedicated MDD patients, in patients with
hepatitis C after IFNa treatment, and in HIV patients (r-values ~0.5-0.7) (60-62) — though
less robust associations have been reported in Alzheimer’s disease patients and controls (63).
There is evidence that BBB may be disrupted after TBI (e.g., due to mechanical insult or
secondary inflammatory responses) (64—66). Thus, central levels of KP metabolites likely
reflect changes in local brain sources as well as peripheral KP concentrations driven by
secondary systemic inflammatory processes. Future studies are needed to determine the
extent to which peripheral and central levels of KP metabolites are correlated following TBI,
as well as the relative role of peripherally versus centrally-derived KP metabolites in TBI.

Evidence of KP involvement in TBI

Preclinical evidence of arole for the KP in TBI

The first reports of KP metabolites in the TBI literature originate from the use of KynA

as a broad spectrum excitatory amino acid antagonist in preclinical models of TBI. This
fundamental work focused on characterizing the aforementioned neurochemical cascade
of TBI, rather than characterizing associations of the KP with TBI. Nevertheless, these
findings are illustrative of the potential role of KP metabolites in TBI. Administration of
KynA in the hippocampus and cortex reduced potassium increases and decreased glucose
utilization and accumulation of lactate typically observed following fluid percussion injury
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(FPI) (67-69). Administration of KynA into the hippocampus also attenuated both acute
astroglia and microglial response in a controlled cortical impact injury model (70). In
parallel work, intravenous KynA administration at 15 minutes post-injury reduced cognitive
dysfunction and motor deficits following lateral FPI in the rat (58). KynA administration
also attenuated edema and calcium increases in multiple brain regions at 48 hours post-
injury, and reduced neuronal loss and attenuated immunoreactivity of the cytoskeletal
protein microtubule-associated protein-2 in CA3 of the hippocampus at 2 weeks post-injury
(56-58).

A limited number of studies have directly investigated the effects of experimental TBI on
the KP. These studies have generally shown increased activation of the first step of the KP
(i.e., increased KYN or expression of IDO) or alternatively, increased metabolism down the
neurotoxic branch of the KP (i.e., increased QuinA or KMO activity). Using a controlled
cortical impact model of pediatric TBI in rabbits, Zhang and colleagues reported that IDO
expression was upregulated relative to sham and naive rabbits by 6 hours post-injury at

the site of injury and remained elevated for up to 21 days post-injury (71). Similar results
were seen for IDO protein and KYN concentrations as well as a corresponding elevation in
expression of TNF, IL-1B, and IL-6 at the same time points. Focal cortical injury models

in rats showed elevated expression of QuinA in reactive microglial in injured and adjacent
sites at 1 day post-injury (72). Similarly, although not an experimental model of TBI, per se,
Zakhary and colleagues demonstrated increased expression of QuinA and KynA at 24 and
72 hours, but not 6 or 12 hours, in perilesional cortex following partial frontal lobectomy

in rats (73). Post-injury intraperitoneal injection of the KMO inhibitor RO 61-8048 reduced
edema, decreased markers of apoptosis, and improved long-term neurological function
following the surgically induced injury; these protective effects of the KMO inhibitor were
reversed by concurrent administration of a KAT enzyme inhibitor which prevented the
formation of KynA. The same KMO inhibitor, administered daily starting prior to injury,
was also reported to ameliorate the damage to retinal ganglion cell function and structure
observed 5-weeks following a single, high-pressure blast (74).

Evidence of KP role in severe TBI in humans

The first evidence of KP abnormalities following TBI in humans comes from analysis of
QuinA in CSF in severe TBI patients. CSF concentrations of QuinA in adult TBI patients
significantly increased across the first 72—-83 hours post-injury, reaching concentrations
(mean 463 nmol/L) approximately nine times the normal QuinA concentration (75).
Moreover, QuinA was significantly elevated in patients that died compared to those that
survived, controlling for time since injury. Similar findings were reported in a limited
number of children with severe TBI, with CSF concentrations of QuinA increased
significantly over approximately 1 week post-injury and higher QuinA concentrations
observed in non-survivors versus survivors (76). More recently, increased IDO-positive cells
were observed in injured brain tissue post-mortem in TBI patients relative to controls (77).
The same study also reported elevated CSF levels of KYN at days 4 and 5 post-injury,
elevated KynA at days 2-5 post-injury, and elevated QuinA at days 1-5 post-injury in the
CSF of severe TBI patients relative to non-TBI patient controls (77). QuinA showed the
greatest elevation, with a tenfold increase by day 4 relative to control levels. Compared to
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controls, the ratios of QuinA to KYN and QuinA to KynA were also substantially elevated in
TBI patients at days 1-5 and days 2-5 post-injury, respectively, but there was no difference
in the ratio of KynA to KYN at any visit, indicating a substantial shift of KP metabolism
toward neurotoxic QuinA following severe TBI. Moreover, higher QuinA concentrations
measured between days 1 and 5 post-injury were associated with worse 6-month outcome in
TBI patients. Similar alterations in KP metabolites have also been observed in the plasma of
TBI patients. Fifteen chronic severe brain injury patients (primarily TBI with some cases of
alternative injury such as hypoxia, cerebral infarcts, or subdural hematoma; 1-35 years post-
injury) displayed widespread differences in KP metabolites relative to controls, including
higher KYN/TRP, indicating increased IDO activity, as well as lower KynA to KYN ratios
and decreased KynA (78). This pattern of elevated IDO activity (KYN/TRP ratio) but
decreased KAT activity (KynA/KYN ratio) is suggestive of increased metabolism down

the “neurotoxic pathway”, though no differences in QuinA were observed. The observed

KP abnormalities in this study were observed several years following injury, which could
explain the subtle differences relative to the aforementioned studies (e.g., lack of QuinA
differences in the chronic brain injury cohort). Further work is needed to determine the time
course of potential KP abnormalities following TBI, though chronic inflammation has been
reported years following TBI (79-83).

Evidence of arole for the KP in SRC in humans

To our knowledge, initial studies on the effects of TBI on the KP in humans were restricted
to severe TBI, with no reports in less severe injuries (e.g., mild or moderate TBI). Our
group has recently begun to address this knowledge gap by investigating KP abnormalities
in high school and collegiate athletes with SRC, which is typically considered a subset of
mild TBI that is rarely associated with intracranial lesions (84). In our first publication,
plasma concentrations of KP metabolites were measured in collegiate football athletes

at 1 day, 1 week, and 1 month following SRC (85). Compared to uninjured football
athletes, those with SRC had higher QuinA and lower KynA/QuinA at all time points.
Furthermore, in athletes with SRC, lower KynA/QuinA and higher QuinA were associated
with worse depression and anxiety symptoms and a greater number of days out before
return-to-play. One caveat of this study, however, was that the SRC group reported more
prior concussions than the control group; thus, we were unable to determine whether the
elevations in QuinA were due to the acute or prior injuries (85). Following up on this
work, we demonstrated long-term associations between KP metabolites and neuroimaging
markers of brain structure and function in the context of SRC. Plasma concentrations of
KP metabolites were compared amongst football players with prior concussion (on average
10 months since last concussion), football players without prior concussions, and healthy
controls with no prior concussion or football experience (86). Both football players with
and without prior concussion had either a trend or significantly lower KYN compared to
controls, while plasma QuinA concentrations were elevated in football players with prior
concussion compared to those without. We also reported an inverse association between
the “neurotoxic” metabolite, 3HK, and bilateral hippocampal volume in football players
with prior concussion and a positive association between the “neuroprotective index”,
KynA/QuinA, and left hippocampal volume in football players without prior concussion,
echoing KP-hippocampal volume relationships observed in psychiatric cohorts (87,88). In a
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second study in the same sample, we additionally found that circulating KynA/QuinA was
associated with resting state functional connectivity (RSFC) of the anterior cingulate cortex
and hippocampus. However, the relationship was less straightforward than the structural
MRI, differing based on the athletes’ concussion history and football experience (89).

We have recently followed-up our earlier reports in an independent, prospectively-collected
cohort of high school and collegiate athletes. Serum was collected in football players

prior to injury and then at 6 hours and 1, 8, 15, and 45 days post-injury (90). Uninjured
football players and uninjured non-contact sport athletes participated in similar visits as
two independent control groups. Somewhat counter-intuitively, the “neuroprotective index”,
KynA/3HK was elevated in football players with SRC at the 6-hour visit relative to pre-
injury baseline (although it was decreased over the subsequent visits). Nevertheless, we
found that higher KynA/3HK at the 6-hour visit was associated with less severe depressive
symptoms 1-day post-concussion, suggesting that acute increases in KynA are protective.
In contrast to our prior work (85), no differences in KynA/QuinA or QuinA were observed
across concussed athletes. However, in additional analyses comparing acutely concussed
athletes with and without prior concussion, we found that KynA/QuinA was lower across
all visits in the acutely concussed athletes reporting a prior concussion, an effect driven

by an increase in QuinA (90). We also reported in the same cohort that serum levels of
QuinA were positively associated with RSFC hyperconnectivity at 1, 8, 15, and 45 days
post-injury in acutely injured athletes with a prior concussion only (91). No association
was observed in uninjured athletes or acutely injured athletes with no prior concussion.
RSFC hyperconnectivity has been proposed to be a common functional response to acute
neurological injury and is associated with worse symptoms and outcome following SRC
(92-94).

The fact that elevated QuinA and the association between QuinA and abnormal RSFC

was only observed in acutely injured athletes with prior concussion and not in acutely
injured athletes without prior concussion or controls may reflect a form of immune system
priming (90,91). In this model, prior concussion may sensitize microglia and macrophages,
which are the primary sources of QuinA (95,96), to respond more robustly to a subsequent
inflammatory trigger (i.e., a repeat concussion). This is similar to reports of microglial
priming in animal models (97-99). Additional studies are needed to directly test this
hypothesis.

Summary of TBIl-related KP abnormalities and their relevance for

psychiatric sequelae

Although small, the existing literature supports the hypothesis that following TBI,
tryptophan is preferentially metabolized into KYN and KYN is in turn preferentially
metabolized down the “neurotoxic” pathway into QuinA. Elevated QuinA is associated with
a worse outcome (i.e. death, MRI abnormalities, psychiatric symptoms, and longer return

to play) in human studies of both mild and severe TBI. These data raise the possibility that
certain neuroactive KP metabolites contribute to secondary injury following TBI due to their
well-established neurotoxic properties. Moreover, given the association of increased QuinA
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with depressive symptoms and functional abnormalities following SRC, and parallel data
in psychiatric patients (100-106), we propose that TBI-mediated abnormalities in the KP
constitutes a key molecular pathway mediating the increased risk of psychiatric disorders
following TBI (Figure 2).

It has been known since the 1980’s that QuinA is a potent neurotoxin at supraphysiological
doses, levels that may be approached after severe TBI (75). At physiological or nanomolar
doses, administration of QuinA /n vitro inhibits neuronal synaptic protein expression

(107) and decreases the number and length of neuritic branches from primary cortical
neurons (108). Similarly, 30 nmol QuinA injections into the medial prefrontal cortex of
mice altered hippocampal synaptic transmission, impaired long-term potentiation, disrupted
RSFC between various cortical regions, and induced reversal learning defects on a spatial
navigation task (109). Thus, the more subtle increases in QuinA observed after mild TBI
or SRC may impact neuroplasticity through the NMDA receptor resulting in the synaptic
remodeling and loss of dendritic spines which appear as reductions in volume on MRI
(110-114).

When disruptions in microstructure or plasticity occur in the neural circuits involved

in the processing of emotions, the individual may be at increased risk for developing
symptoms of depression and anxiety. Although damage from TBI can occur across the
brain, and chronic inflammation (and therefore elevated QuinA) can occur throughout

the brain regardless of the initial injury location (79-83), it is noteworthy that the brain
regions commonly implicated in mood and anxiety disorders (115-117) are particularly
vulnerable to TBI because of the shape of the skull (e.g., the basal forebrain and medial
temporal lobe (118,119)). Furthermore, the hippocampus is thought to have the highest
density of NMDA receptors in the brain (120) and thus may be particularly vulnerable

to QuinA-mediated secondary injury regardless of the anatomical location of the primary
injury. This may explain why many of the studies reviewed above reported associations
between KP metabolites and hippocampal structure or function. However, damage to other
neural circuits may also give rise to symptoms of depression and anxiety. For instance, there
is a well-established relationship between anhedonia, disrupted dopaminergic signaling, and
inflammation (121). Dopaminergic neurons in the ventral tegmental area are regulated by
glutamatergic and GABAergic afferents (122) and thus KP-mediated changes in NMDA
receptor signaling could alter basal ganglia function and disrupt motivated behavior, leading
to depression.

Clinical implications

According to our mechanistic model, the KP might prove to be a plausible therapeutic
target for preventing or ameliorating the neuropathological and neuropsychiatric sequalae
of TBI. One approach would be to target inflammation, thus preventing activation of

the KP. However, preclinical evidence demonstrates that the depressogenic effects of
inflammation can be prevented by blocking activation of the KP even in the presence of
high concentrations of inflammatory mediators (21-23). Thus, more direct targeting of the
KP might be appropriate, particularly given reports that anti-inflammatory treatments can
be counterproductive in primary mood disorder patients (123-126). In theory, augmenting
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activity of the KAT enzymes or inhibiting KMO could be neuroprotective after injury. KMO
inhibitors have shown initial promise in preclinical models of injury and TBI (73,74).
Another approach is to augment the neuroprotective effects of KynA. Several clinical

trials for depression are currently underway with the KynA analogue, 4-chlorokynurenine
(AV-101) which acts as a selective antagonist at the glycine-binding site of the NMDA
receptor. Nevertheless, AV-101 failed to beat placebo in a small clinical trial in treatment-
resistant depression (127), though similar compounds (e.g., ketamine, a competitive NMDA
receptor antagonist) have recently received FDA approval for treatment resistant depression.
A third approach is to prevent the transport of KYN into brain by blocking the large

amino acid transporter (LAT1) with a competing amino acid (e.g., leucine). This treatment
approach successfully prevented LPS-induced depression-like behavior in mice without
affecting inflammation or sickness behavior (128) and clinical trials are underway or
planned in both primary MDD (NCT03079297) and for sleep disturbances in mild TBI
patients (NCT04603443).

KP abnormalities are reported across a wide range of injury mechanisms in the context of
TBI, as well as other forms of CNS injury (e.g., stroke; (129,130)), non-head trauma (131)
and several psychiatric and neurological diseases (24,132-135). Thus, KP abnormalities
are not specific to TBI, and their potential as TBI-specific (i.e., diagnostic) biomarkers is
limited. However, KP metabolites might have value in monitoring recovery in TBI patients
(monitoring biomarker) or predicting outcome following TBI - for instance, identifying TBI
patients at increased risk for developing negative long-term outcomes such as psychiatric or
neurodegenerative disease (prognostic biomarker).

Summary and future directions

The extant literature suggests that increased production of neurotoxic KP metabolites after
TBI may contribute to secondary injury and increase the risk of psychiatric morbidity.
Nevertheless, most of the clinical data are cross-sectional in nature or derived from limited
sample sizes and should therefore be treated with caution. Furthermore, studies in humans
have to date focused on patients at opposite ends of the TBI severity spectrum (i.e., severe
TBI patients and athletes with concussions). Additional work is needed to identify the
effects of TBI across the range of severity on the KP. Experimental medicine studies

in TBI populations are needed to disambiguate the mechanistic effects of KP activation
from general inflammatory processes and to evaluate the therapeutic efficacy of treatments
targeting the KP. Longitudinal cohort studies explicitly designed to test whether KP
abnormalities predict the development of de novo psychiatric disease following TBI and
determine the utility of KP metabolites as monitoring or prognostic biomarkers are also
needed to move the field forward.
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Figure 1:
Simplified figure showing the kynurenine pathway (KP) of tryptophan catabolism.

Activation of the hypothalamic-pituitary-adrenal axis can lead to the induction of tryptophan
2, 3-dioxygenase (TDO). Pro-inflammatory cytokines such as interferon gamma (IFNvy),
tumor necrosis factor (TNF) and interleukin-1p (IL-1p) can activate indoleamine 2,
3-dioxygenase (IDO). TDO and IDO catalyze the conversion of tryptophan (TRP)

to kynurenine (KYN). KYN is then converted to either kynurenic acid (KynA) by

the kynurenine aminotransferase enzymes (KATS) or 3-hydroxykynurenine (3HK) by
kynurenine monooxygenase (KMO). 3HK is further metabolized into several different
metabolites, including quinolinic acid (QuinA), a precursor for nicotinamide adenine
dinucleotide (NAD+). Within the central nervous system, the KP is thought to be
differentially metabolized in astrocytes or microglia. TRP uptake and metabolism in
astrocytes leads to the production of the KynA, which is often considered to be
neuroprotective. In contrast, TRP uptake and metabolism in microglia leads to the
production of so-called neurotoxic metabolites such as 3HK and QuinA. QuinA acts as
an agonist at the glutamate N-methyl-D-aspartate (NMDA) receptor and is neurotoxic at
elevated concentrations. TRP, KYN, and 3HK can be transported across the blood brain
barrier whereas KynA and QuinA are not standardly thought to be able to cross the blood
brain barrier. Figure adapted from (28).
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Figure 2.

Heuristic mechanistic model of the neuropsychiatric sequelae of TBI.

(A) The inflammatory response to TBI results in an increase in the IDO and KMO

enzymes, elevating central KYN concentrations and subsequently increasing the production
of “neurotoxic” pathway metabolites such as QuinA (B). These metabolites contribute to
secondary injury through a variety of mechanisms. For instance, QuinA acts as an agonist at
NMDA receptors (C) and compromises glutamate recycling by astrocytes (D) contributing
to excitotoxicity and a cascade of neuronal damage or in the case of milder TBI, dendritic
remodeling, loss of synapses and more subtle disturbances in synaptic plasticity (E). When
this disturbance of glutamatergic neurotransmission and decrement in synaptic plasticity
compromises the function of neural circuitry involved in regulating affect, interoception, or
learning and memory, psychiatric symptoms may occur. Limbic structures are highlighted in
the brain image on the right. The focus (i.e., zoomed in image) of the current figure is on the
hippocampus, though this heuristic model would apply to other brain regions associated with
emotional processing or reward. Created with BioRender.com.
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