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Abstract

Data suggest that cytokines released during the inflammatory response target subcortical structures
including the basal ganglia as well as dopamine function to acutely induce behavioral changes that
support fighting infection and wound healing. However, chronic inflammation and exposure to
inflammatory cytokines appears to lead to persisting alterations in the basal ganglia and dopamine
function reflected by anhedonia, fatigue, and psychomotor slowing. Moreover, reduced neural
responses to hedonic reward, decreased dopamine metabolites in the cerebrospinal fluid and
increased presynaptic dopamine uptake and decreased turnover have been described. This
multiplicity of changes in the basal ganglia and dopamine function suggest fundamental effects of
inflammatory cytokines on dopamine synthesis, packaging, release and/or reuptake, which may
sabotage and circumvent the efficacy of current treatment approaches. Thus, examination of the
mechanisms by which cytokines alter the basal ganglia and dopamine function will yield novel
insights into the treatment of cytokine-induced behavioral changes and inflammatory malaise.
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1. Introduction

There has been increasing recognition that inflammatory cytokines play an important role in
neuronal integrity and can exert profound effects on neurocircuitry and neurotransmitter
systems in the brain, ultimately affecting behavior [86, 137, 222]. Accordingly, there has
been mounting interest regarding the role of cytokines in behavioral alterations and the
development and progression of neuropsychiatric disorders. Under physiologic conditions,
cytokines such as TNF-alpha and IL-1 have been shown to be involved in a number of
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essential brain processes such as synaptic remodeling, neurogenesis and long-term
potentiation [222]. However, in excess, inflammatory cytokines can act in the brain to affect
monoamine neurotransmitter systems and behavior, and recent evidence indicates that
dopamine function in the basal ganglia may be a primary target in this regard [32, 33, 86,
120, 206, 207]. The basal ganglia are key subcortical structures that regulate motivation and
motor activity, and dopamine plays a essential modulatory role in basal ganglia function
[73]. The effect of inflammatory cytokines on basal ganglia dopamine may be especially
relevant to depression and fatigue as well as psychomotor disturbances and the development
of neurodegenerative disorders. This review will highlight the current literature
demonstrating the impact of peripheral inflammatory cytokines and local neuroinflammation
on the basal ganglia and dopamine function and explore the potential mechanisms involved.
In addition, cytokine interactions with other neurotransmitter systems as they relate to basal
ganglia dopamine function will be described along with the implications of these findings
for neuropsychiatric disease.

There is a vast literature in humans and laboratory animals describing the profound effects
of inflammation and the release of inflammatory cytokines on the brain and behavior. In
humans, inflammatory cytokines have been implicated in the development of behavioral
disturbances including depression and fatigue in both medically ill and medically healthy
individuals. For example, numerous studies have reported elevated cytokines and other
inflammatory markers in depressed but otherwise healthy individuals [51, 123-125, 187],
and patients exposed to increased inflammation during chronic illness experience
considerably higher rates of depression and fatigue than the general population [221, 223,
224]. Evidence that inflammatory cytokines can cause behavioral alterations exists in
numerous reports of the neuropsychiatric symptoms induced by chronic administration of
the inflammatory cytokine, interferon (IFN)-alpha, used to treat certain cancers and viral
infections. Indeed, IFN-alpha produces an array of behavioral disturbances, many of which
are consistent with decreases in basal ganglia dopamine function including anhedonia,
fatigue and psychomotor slowing [12, 26, 27, 126, 201]. Of note, selective serotonin
reuptake inhibitors (SSRIs) have been shown to alleviate IFN-alpha-induced anxiety and
some depressive symptoms. However, IFN-alpha-induced fatigue and psychomotor
retardation are less responsive to SSRI therapy [27, 144, 166]. These data are consistent with
findings in patients with advanced cancer undergoing chemotherapy, who also exhibit
increased inflammation in association with fatigue that is not responsive to SSRIs [2, 17,
136]. In addition, fatigue is one of the primary residual symptoms in SSRI-treated medically
healthy depressed patients, who, as noted above, have been shown to exhibit evidence of
increased inflammation. Taken together, these findings suggest that neurotransmitter
systems other than serotonin, such as dopamine, may be involved in these SSRI-resistant,
inflammation-related symptoms. Nevertheless, classical stimulant medications that increase
dopamine release and/or block dopamine reuptake have demonstrated limited efficacy in the
treatment of fatigue in cancer patients and patients with other medical disorders associated
with inflammation [22, 127, 142]. Therefore, a better understanding of the mechanisms by
which inflammation and inflammatory cytokines affect dopamine function will inform
strategies to improve the treatment of neuropsychiatric disturbances such as fatigue in both
medically ill as well as medically healthy individuals.

2. Cytokine effects on the basal ganglia and dopamine-related behaviors

2.1 Access of peripheral cytokines and immune cells to the central nervous system

Activation of peripheral inflammation and the systemic release of inflammatory cytokines
can exert profound effects on the brain and behavior as a result of communication between
the periphery and brain. Of note, local tissue inflammation in the absence of a systemic

immune response may activate discrete brain regions [11], however, it is unlikely that such
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local immune responses and their effects on the brain lead to the more global changes in
neurotransmitter metabolism and neurocircuitry relevant to the development of behavioral
changes, including the depression and fatigue seen during systemic inflammation. Cytokines
from peripheral immune cells can access the central nervous system (CNS) by several
mechanisms including 1) passage through leaky regions in the blood brain barrier such as
the circumventricular organs [18, 59, 98, 103, 154], 2) activation of endothelial cells and
perivascular macrophages in the cerebral vasculature to produce local inflammatory
mediators such as cytokines, chemokines, prostaglandins, and nitric oxide (NO) [25, 60,
129, 139], 3) carrier-mediated transport of cytokines across the blood-brain barrier [7-9], 4)
local activation of peripheral nerve afferents (e.g. the vagus) which then relay cytokine
signals to relevant brain regions, including the nucleus of the solitary tract and
hypothalamus (the so called ‘neural route’) [15, 59, 214], and 5) recruitment of activated
immune cells such as monocytes/macrophages and T cells from the periphery to the brain,
where these cells can in turn produce cytokines [44, 183].

Once in the CNS, peripheral inflammatory cytokines or activated immune cells can
dramatically influence the tone of local inflammatory networks and propagate
neuroinflammation by activating local production of cytokines [84, 104, 171] and
inflammatory signaling pathways, such as nuclear factor (NF)-kappaB, janus kinase (JAK)-
signal transducer and activator of transcription (STAT)s, and mitogen-activated protein
kinases (MAPK) [97, 100, 146, 147, 212]. Cytokines and their receptors are constitutively
expressed in the brain at low levels during non-pathological states and are found to be fairly
ubiquitous, yet this cytokine network in the brain can be rapidly mobilized in response to
inflammatory stimuli [82, 175]. Cytokines in the brain are produced primarily by microglia,
but can also be produced by astrocytes [38, 119] and to some extent by neurons [18, 180]
and oligodendrocytes [14, 153]. Furthermore, endothelial cells and perivascular
macrophages respond to circulating cytokines to induce expression of the prostaglandin-
producing enzymes cyclooxygenase-2 (COX-2) and prostaglandin E synthase (PGES) [58,
105, 114].

Following an acute inflammatory stimulus, increased CNS inflammation can confer
protection to the brain [37, 101, 108], and acute changes in neurotransmitter metabolism,
including increases in monoamines such as serotonin and norepinephrine in the
hypothalamus, can contribute to the induction of fever, activation of the HPA axis, and
transition from an anabolic to a catabolic state [53, 54]. Changes in monoamine metabolism
are also believed to promote behavioral alterations including reduced locomotor activity and
anhedonia that allow for shunting of energy and metabolic resources to combat infection
and/or facilitate wound healing [46]. Therefore, cytokine signals from the periphery initially
serve to inform the CNS of immune insult in order to prepare and protect an organism
during times of sickness and injury. In contrast, under conditions of chronic inflammation
such as during chronic medical illnesses or depression, CNS inflammation can exert
profound and protracted changes in neurotransmitter systems, neurotrophic factors, and
neuronal integrity that can have negative outcomes on behavior.

2.2. Cytokine effects on behaviors related to the basal ganglia and dopamine function

Stimulation of the immune system or the administration of inflammatory cytokines to
laboratory animals and humans results in a repertoire of behavioral changes, many of which
overlap with those experienced during medical illness and those that have been classically
described in depression [45, 124]. Many of these symptoms are also consistent with
disruption of the basal ganglia and dopamine function, including anhedonia, fatigue,
psychomotor disturbance, and changes in sleep [4, 26, 29, 35, 110, 176, 190]. Typically,
acute activation of the immune system or administration of inflammatory cytokines, either
alone or in combination, to laboratory animals will induce an early pyrogenic response
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accompanied by behavioral changes termed “sickness behavior” that consist of reduced food
intake and locomotor activity [41, 49]. This sickness behavior is then followed by a later
onset of behavioral symptoms that persist in the absence of the febrile response. The
observation that locomotor activity and food/water intake recover in a matter of hours, while
anhedonic and depressive-like behaviors such as decreased sucrose consumption and
immobility in the forced swim test persist for 24 to 48 hours following lipopolysaccharide
(LPS) administration [64, 152], has sparked recent interest in the different phases of
behavioral responses to immune activation. These persistent anhedonic and depressive-like
symptoms may be indicative of cytokine-induced alterations in reward pathways and
therefore dopamine neurotransmission.

In humans, a large body of data regarding the effects of cytokines on behavior has been
derived from healthy volunteers acutely exposed to inflammatory stimuli or patients
chronically administered cytokines, such as interferon (IFN)-alpha. IFN-alpha is an
inflammatory cytokine with antiviral and antiproliferative properties, and in combination
with ribivarin, is the only FDA approved treatment for hepatitis C virus (HCV). IFN-alpha
potently induces other inflammatory cytokines such as interleukin (IL)-6, while also
stimulating IL-1 and tumor necrosis factor (TNF)-alpha, both /n vitroand in vivo [34, 62,
164, 186, 204]. Peripheral administration of IFN-alpha also increases IFN-alpha in the brain
which in turn stimulates an CNS inflammatory response characterized by increases in I1L-6
and monocyte chemoattractant protein-1 (MCP-1) [39, 62, 164, 189], which has been shown
to attract activated monocytes to the brain [44, 195, 215]. Although IFN-alpha detected in
the CNS during peripheral IFN-alpha administration is low compared to IL-6 and MCP-1
[164] and likely represents detection of exogenously administered cytokine [39, 189],
microglia and astrocytes are capable of producing IFN-alpha in the CNS [3, 205, 220], as
are plasmacytoid dendritic cells which reside in the meninges and can be recruited to the
brain parenchyma during immune activation [43]. Moreover, microglia stimulated with IFN-
alpha /n vitro have been shown to increase oxidative stress (superoxide production) and I1L-1
activity [40], indicating that IFN-alpha may drive microglia-induced neuroinflammation in
the CNS.

Depending on the dose, up to 50% of patients administered IFN-alpha as treatment for HCV
or malignant melanoma meet symptom criteria for major depression, and up to 80%
experience significant fatigue [27, 28, 31, 50, 145, 163, 164, 167]. In addition to depression
and fatigue, symptoms of insomnia, psychomotor slowing, and cognitive impairment are
common in IFN-alpha-treated patients [29, 30]. As noted above, basal ganglia dopamine
plays a pivotal role in the regulation of mood and motivation, reward, psychomotor activity,
and sleep wake cycles. Therefore, changes in dopamine function may contribute to the
manifestation of neuropsychiatric symptoms in IFN-alpha-treated and medically ill subjects
with increased inflammation. Although it is generally recognized that other monoamines
including both serotonin and norepinephrine may contribute to cytokine-induced behavioral
changes [5, 6, 54, 55], this review will focus on the role of dopamine.

2.3. Cytokines and inflammation target dopamine function and the basal ganglia

Biochemical and Behavioral Studies—Evidence that inflammatory cytokines, and
specifically IFN-alpha, affect basal ganglia dopamine function comes from the peripheral
administration of cytokines to laboratory animals including non-human primates [62, 96,
102, 110, 179, 184]. For example, rhesus monkeys express functional type | IFN receptors
that activate relevant signal transduction pathways in response to human IFN-alpha [62].
These animals also exhibit IFN-alpha-induced behavioral changes similar to those seen in
humans. Relevant to dopamine, acute administration of low dose IFN-alpha to rhesus
monkeys was found to decrease rapid eye movement (REM) latency [169]. REM sleep is
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sensitive to changes in dopamine, and reduced REM latency is observed in Parkinson’s
disease (PD) [106], particularly in PD patients with co-morbid depression [107].
Furthermore, radiolabeled IFN-beta, which binds to the same receptor as IFN-alpha,
delivered to the brain by the intranasal route yielded specific binding in the basal ganglia of
rhesus monkeys [207], indicating that primates may have increased sensitivity to IFN and
other cytokine effects on the basal ganglia and dopamine function. Decreased dopamine in
the CNS has also been reported in rodents administered IFN-alpha, however results have
been mixed. Some studies in rodents have reported increases [110, 179], while others have
reported decreases [96, 102, 184], in brain dopamine and/or metabolites following acute or
sub-chronic IFN-alpha administration. These discrepancies are likely due to differences in
dosing, length of cytokine exposure, and most importantly, the fact that species-specific
cytokines were variably used and rodents do not respond to human IFN-alpha with
activation of classic type | IFN receptor signaling [121, 122, 212]. Moreover, human IFN-
alpha administered to rodents binds to opioid receptors, which may be responsible for some
of the observed changes in brain monoamines [13, 91, 213].

To further explore the potential impact of IFN-alpha on dopamine function and behavior,
work in our laboratory has examined rhesus monkeys chronically administered recombinant
human IFN-alpha for 4 weeks. Rhesus monkeys exhibit immune, neuroendocrine, and
behavioral responses to IFN-alpha similar to humans, including decreases in psychomotor
activity and increases in depressive-like huddling behavior (in ~50% of animals) [62].
Huddling behavior in non-human primates was first described following chronic
administration of reserpine [133], a monoamine-depleting agent that also reduces REM
latency [170], and has been reported in monkeys treated with dopamine receptor antagonists
and partial agonists [174]. IFN-alpha-induced depressive-like huddling behavior in rhesus
monkeys has been reproducible over multiple 2—4 week sessions of IFN-alpha
administration separated by up to 6 months, and monkeys that display huddling behavior in
response to IFN-alpha have been found to exhibit significantly lower cerebrospinal fluid
(CSF) concentrations of the dopamine metabolite, homovanillic acid (HVA) as well as 3,4-
dihydroxyphenylacetic acid (DOPAC) (Fig. 1A). Of note, decreased CSF HVA
concentrations correlated with reduced locomotor activity in all animals (r=0.385, p<0.05,
n=7), and especially in those animals that exhibited huddling behavior (r=0.726, p<.001,
n=4). Similar correlations have been observed between reduced CSF HVA and physical
fatigue in IFN-alpha-treated humans (r=—0.38, p<0.05, n=29) (Fig 1B) and CSF HVA and
neurocognitive decline in patients infected with human immunodeficiency virus (HIV) [48].
Of note, these effects of peripherally administered IFN-alpha and HIV infection on
dopamine metabolism may be secondary to activation of local immune cells in the basal
ganglia. Indeed, both HIV and peripheral administration of IFN-alpha have been associated
with a central inflammatory response [74, 164]. Moreover, infusion of LPS to selectively
activate microglia in the striatum has been shown to reduce extracellular DOPAC as
measured by /n vivo microdialysis [132]. Taken together, these findings support a role for
dopamine function in fatigue, psychomotor slowing, and sleep alterations associated with
IFN-alpha and medical illness involving CNS inflammation and prompt further investigation
into inflammation effects on dopamine function and the basal ganglia.

Neuroimaging Studies—Neuroimaging studies from our laboratory and others suggest
disruption of the basal ganglia and the dopamine system is a major contributor to cytokine-
induced behavioral changes. For example, in the first study to examine IFN-alpha effects on
the brain, increased glucose metabolism in the basal ganglia, particularly in the putamen
[94], was observed using positron emission tomography (PET) and fluorine-18-labeled-
fluorodeoxyglucose (FDG). More recently, we have conducted a series of imaging studies
examining brain activity and metabolism in patients receiving IFN-alpha therapy for
malignant melanoma and HCV. Patients with malignant melanoma were imaged prior to and
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after receiving high dose IFN-alpha (20 MIU/m?) for 4 weeks, and FDG PET revealed
increased glucose metabolism in the basal ganglia [32]. Furthermore, increased glucose
metabolism in specific basal ganglia nuclei including the left putamen and left nucleus
accumbens correlated significantly with reports of fatigue in these patients, as assessed by
the ‘energy’ subscale of the Visual Analog Scale of Fatigue (VAS-F). This pattern of
increased glucose metabolism in basal ganglia nuclei is similar to that seen in patients with
PD [56, 134, 193], where it is thought to reflect increased oscillatory burst activity in
relevant basal ganglia nuclei secondary to loss of inhibitory nigral dopamine input [216,
217]. Functional magnetic resonance imaging (fMRI) has also demonstrated decreased
neural activation in the basal ganglia (ventral striatum) to a hedonic reward task in HCV+
patients undergoing IFN-alpha administration. Of note, administration of the cytokine-
inducers LPS and typhoid vaccine to healthy volunteers has been shown to have similar
effects on the basal ganglia, suggesting that findings from IFN-alpha generalize to other
inflammatory stimuli [19, 57]. Indeed, typhoid vaccination produced increased evoked
activity in the substantia nigra compared to controls, which was associated with both
psychomotor slowing and increased peripheral blood concentrations of IL-6 [19]. Similar to
IFN-alpha, LPS administration led to reduced activation in the ventral striatum during a
monetary reward task that was associated with increased depressed mood, as measured by
the Profile of Mood States (POMS) depression subscale [57]. In light of the role of basal
ganglia dopamine in the regulation of motivated behavior and psychomotor activity, these
imaging studies in humans suggest that the behavioral syndrome experienced by cytokine-
treated or medically ill patients has, at least in part, a neurobiological basis in subcortical,
motivation and movement-related basal ganglia regions, and in concert with the data
described above also likely involves disruption of dopamine neurotransmission.

To probe the dopaminergic mechanisms of IFN-alpha effects on neural activity in the basal
ganglia, a PET study was conducted using [*8F]fluorodopa (FDOPA) in HCV+, IFN-alpha-
treated subjects. FDOPA is taken up by dopaminergic neurons and converted by dopamine
decarboxylase to dopamine, whereupon it is stored in vesicles for release. Interestingly, both
increased uptake and decreased turnover of FDOPA in the caudate, putamen and ventral
striatum of IFN-alpha-treated patients was found [33]. Baseline and percent change in
FDOPA uptake was in turn correlated with IFN-alpha-induced behavioral alterations
including depression and fatigue, as measured by the Montgomery Asberg Depression
Rating Scale (MADRS) and Multidimensional-Fatigue-Inventory (MFI), respectively.
Increased uptake and decreased turnover of FDOPA in the basal ganglia following IFN-
alpha administration is in stark contrast to that observed in patients with PD where
decreased uptake and increased FDOPA turnover is found. Decreased uptake of FDOPA in
PD is believed to be a function of loss of dopaminergic neurons and/or their projections
throughout the basal ganglia [95, 111, 116], and intact or increased turnover suggests that
the surviving neurons are capable of normal release [111, 112]. Increased FDOPA uptake
during IFN-alpha treatment suggests a potential depletion of dopamine and increased
synthetic capacity. Indeed, as noted above, FDOPA is rapidly converted to dopamine by
dopamine decarboxylase, whose activity can be increased in the context of reduced
dopaminergic tone [83]. Alternatively, reduced signal decay, reflective of decreased
turnover [111, 191], suggests that newly synthesized dopamine is not being effectively
packaged and/or released or that the activity of the dopamine transporter (DAT) is increased
[33]. Despite these differences in FDOPA uptake and turnover between IFN-alpha
administration and PD, it is interesting to note that PD-like symptoms have been observed in
some patients during IFN-alpha administration, and these PD symptoms have been
responsive to treatment with levodopa, suggesting reduced dopamine neurotransmission in
IFN-alpha-treated patients [12, 140, 178].
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In sum, results from biochemical, behavioral and neuroimaging studies provide important
clues regarding the mechanisms of cytokine-induced behavioral alterations, and strongly
suggest that 1) cytokine effects on the basal ganglia are involved and 2) these effects include
cytokine-induced alterations in basal ganglia dopamine function, potentially including
disruptions in dopamine synthesis, packaging, release or reuptake.

3. Potential mechanisms of cytokine effects on dopamine synthesis,
release, and reuptake

Cytokines can potentially affect multiple aspects of dopamine neurotransmission, leading to
decreased synthesis, impaired packaging or release, and increased reuptake, all of which
may interact to a greater or lesser extent to reduce dopamine function in the basal ganglia
(see Fig. 2). The following section will discuss potential mechanisms by which cytokines
may affect these aspects of dopamine function, ultimately resulting in reduced dopamine
signaling in the basal ganglia.

3.1 Cytokine effects on dopamine synthesis

Dopamine synthesis relies on the conversion of tyrosine to L-3,4-dihydroxyphenylalanine
(L-DOPA) by tyrosine hydroxylase (TH), the rate-limiting enzyme for dopamine synthesis.
A major source of tyrosine is phenylalanine, which is converted to tyrosine by phenylalanine
hydroxylase (PAH). Both of these enzymes, TH and PAH, require tetrahydrobiopterin
(BH4) as an essential enzyme co-factor. BH4 is also a co-factor for NO synthases (NOS)
which convert arginine to NO [42]. Additionally, BH4 is highly redox-sensitive and is
readily oxidized to dihydrobiopterin (BH2), which can be regenerated to BH4, or
dihydroxanthopterin (XPH2), whose oxidation is irreversible [42, 52, 86].

Although inflammation and cytokines have been shown to induce GTP-cyclohydrolase I, the
enzyme necessary for BH4 synthesis, inflammation-induced increases in both reactive
oxygen species (ROS) and inducible NOS (iNOS) activity can ultimately lead to decreased
BH4 availability and thus reduced dopamine synthesis (Fig. 2, mechanism 1). One source of
oxidative stress during inflammation is quinolinic acid (QUIN) [10, 177], a neurotoxic
product of the kynurenine pathway [78, 90]. When dopaminergic neurons encounter
oxidative stress from auto-oxidation of dopamine or the toxic products of inflammation such
as QUIN, intracellular BH4 is reduced to BH2 and XPH2. Increased iNOS activity along
with decreased BH4 levels results in NOS uncoupling and the preferential generation of
oxygen free radicals rather than NO [42, 219]. This production of oxygen free radicals
further contributes to oxidative stress and reduction of BH4 [42], conferring even less
availability of BH4 for dopamine synthetic pathways (Fig. 3) [148]. Indeed, intramuscular
injection of rats with IFN-alpha has been shown to decrease CNS concentrations of BH4
through stimulation of NO, and inhibition of NOS was found to reverse IFN-alpha’s
inhibitory effects on brain concentrations of both BH4 and DA [102]. Of note, I1L-6
treatment has also been shown to reduce BH4 content in sympathetic neurons [118].

Concentrations of phenylalanine, tyrosine, BH4 and BH2 can be measured in the peripheral
blood and CSF, and the BH4/BH2 and phenylalanine/tyrosine ratios have been proposed as
indicators of BH4 availability and PAH activity, as well as indirect biomarkers of dopamine
synthetic capacity [24, 36, 88, 148]. For example, a number of patient populations with
increased inflammation, including patients with trauma, sepsis, cancer, and HIV, have been
found to exhibit increased peripheral blood concentrations of phenylalanine [148].
Furthermore, increased phenylalanine concentrations in patients with cancer have been
correlated with markers and mediators of inflammation including IL-6, IL-2 receptor, and
soluble TNF-alpha receptor-2, as well as peripheral blood markers of oxidative stress [148].
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Moreover, in a recent study of healthy elderly persons with low-grade inflammation,
peripheral blood concentrations of phenylalanine, tyrosine, and an increased phenylalanine/
tyrosine ratio were associated with neuropsychiatric symptoms including anhedonia and
altered sleep [36], potentially reflecting decreased dopamine availability (secondary to
decreased BH4 and dopamine synthesis).

3.2. Cytokine effects on dopamine packaging, release, and reuptake

Synaptic dopamine is dependent on the vesicular monoamine transporter 2 (VMAT2) to
package cytosolic dopamine into vesicles for release. There is some evidence that
inflammatory cytokines and inflammation may negatively affect the expression and function
of VMAT2 (Fig. 2, mechanism 2). For example, the inflammatory cytokines IL-1 and TNF-
alpha were found to decrease expression of VMAT2 in rat enterochromaffin-like cells,
whereas transforming growth factor-beta, which is immunomodulatory and anti-
inflammatory, increased VMAT?2 expression [99]. Additionally, the anti-inflammatory
compound, pituitary adenylate cyclase-activating polypeptides 38, administered by
subcutaneous minipump, /1 vivo, was able to increase VMAT2 expression, reduce
neuroinflammation and oxidative stress, and protect against dopamine neurotoxicity
following chronic methamphetamine exposure [81].

Normal vesicular sequestration and release is particularly important in dopaminergic cells
due to the risk of auto-oxidation of dopamine and the formation of free radicals and
neurotoxic quinones [23, 80, 115]. Decreased VMAT?2 function and increased cytosolic
dopamine, such as with methamphetamine exposure, can lead to dopamine auto-oxidation
and ROS formation [80, 172]. Interestingly, patients with neuroinflammation from HIV
experience marked vulnerability to neurotoxicity from methamphetamine exposure [63,
185], possibly related to increased inflammation-induced oxidative stress. Therefore,
decreased expression or function of the VMAT2 by inflammatory cytokines could not only
reduce the amount of dopamine released into the synapse, but may also increase production
of ROS that can have detrimental effects on cell viability and ultimately dopamine function.

Recent attention has been paid to the effects of cytokines and inflammatory signaling
pathways on monoamine reuptake pumps, including the dopamine transporter (DAT) [143,
225-227]. Much of this work has focused on the serotonin transporter [225-227], where
both Jin vitro and in vivo data have established that stimulation of p38 MAPK, a major
signaling pathway activated by IFNAR1 and other cytokines, can increase the expression
and function of the serotonin transporter, leading to increased serotonin reuptake. MAPK
pathways have also been found to influence the dopamine transporter. For example, DAT-
expressing cells transfected with a constitutively activate MAPK kinase (MEK) show
increased DA reuptake (Vmax), whereas treatment of rat striatal synaptosomes with MEK
inhibitors was associated with decreased DA reuptake in a concentration and time-dependent
manner [143, 225-227]. Furthermore, subjects with neuropsychiatric disturbances as a result
of HIV infection and subsequent neuroinflammation are thought to have increased
expression of DAT [63, 68]. Therefore, reduced dopamine turnover secondary to
inflammatory cytokines may be mediated, in part, by increased DAT expression or function
(Fig. 2, mechanism 3).

3.3. Cytokine effects on glutamate neurotransmission and dopamine release

Another mechanism by which cytokines may influence the basal ganglia and dopamine
function is through effects on glutamate neurotransmission. For example, there has been
recent interest in the impact of cytokine stimulation of indoleamine 2,3 dioxygenase (IDO)
and downstream kynurenine pathways on glutamate neurotransmission in the brain (Fig. 2,
mechanism 4). IDO is expressed in multiple cell types including microglia and
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macrophages, and can be can be activated by cytokines, alone or in combination, through
activation of cytokine-signaling pathways such as STAT-1, IFN-regulatory factor-1, p38
MAPK, and NF-kappaB [65, 77, 158]. In the brain, IDO is significantly increased at 24 hr
and peaks at 48 hr in response to LPS administration, corresponding to the expression of
depressive-like behaviors [117, 151]. Immune-mediated activation of IDO catabolizes
tryptophan, the primary amino-acid precursor of serotonin, to kynurenine. Evidence of a role
of IDO in cytokine-induced depression comes from a number of studies which have
demonstrated correlations between IFN-alpha—induced depression, decreases in tryptophan,
and increases in kynurenine and/or the kynurenine/tryptophan ratio [16, 31]. Although early
hypotheses regarding IDO and depression were focused on the consequence of tryptophan
depletion on serotonin synthesis, more recent data indicate that kynurenine administration
alone is sufficient to induce depressive-like behavior in laboratory animals [151].

Kynurenine can be produced locally in the CNS or transported across the blood—brain
barrier by large neutral amino acid transporters [66, 181, 188], and is further catabolized into
the neuroactive metabolites kynurenic acid (KA) (in astrocytes) and QUIN (in microglia),
both of which have been found to be increased in the CSF of IFN-alpha-treated patients
[165, 182]. Of note, CSF QUIN significantly correlated with depressive symptoms during
IFN-alpha administration, as measured by MADRS [165]. In addition to the aforementioned
contribution to oxidative stress, QUIN can also directly activate the n-methyl-d-aspartate
(NMDA) receptor to induce the release of glutamate [182, 202, 203]. Oxidative stress and
increased glutamate release can lead to excitotoxicity in the brain, and therefore, excessive
QUIN has been implicated in a number of neurodegenerative disorders, including
Huntington’s disease, Amyotrophic Lateral Sclerosis, Alzheimer’s disease, and dementia
secondary to infection with HIV [75, 76, 78, 79, 182]. In contrast to QUIN, KA reduces
glutamate release, and has been shown to be an antagonist of NMDA and a.-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors [198]. Dopamine release is
in part under glutamatergic control, and thereby KA may exert downstream effects on DA
[182]. Indeed, intra-striatal administration of KA to rodents leads to marked reductions in
extracellular dopamine concentrations, as determined by /7 vivo microdialysis, that can
reversed by the allosteric alpha 7 nicotinic acetylcholine receptor agonist, galantamine
[218].

Finally, cytokines and inflammation have been shown to increase glutamate by effects on
astrocytes. A rich literature has shown that cytokines can decrease the astrocytic expression
of glutamate transporters and increase astrocytic release of glutamate [92, 208]. Of note,
glutamate released by astrocytes has preferential access to extrasynaptic NMDA receptors,
which lead to decreased production of trophic factors, including brain-derived neurotrophic
factor, ultimately contributing to further disruption of neuronal integrity [85, 89]. Relevant
to depression, increased glutamate has been found in the frontal cortex of patients with
mood disorders [87, 130, 131], as well as evidence of microglial activation and increased
expression of QUIN [197]. Given the sensitivity of dopamine neurons to oxidative stress and
excitotoxicity, cytokine effects on astrocytic glutamate release may contribute to decreased
dopamine function, and could lead to neurodegeneration. Indeed, acute and chronic (2
weeks) administration of high dose LPS (5 mg/kg) to adult mice produced ~50-70%
decrease in dopaminergic neurons in the substantia nigra, thought to be mediated in part by
the LPS-induced production of TNF-alpha and related increases in oxidative stress [67,
162].

Front Neuroendocrinol. Author manuscript; available in PMC 2013 September 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Felger and Miller

Page 10

4. Translational implications: potential therapeutic targets for treating
cytokine effects on basal ganglia dopamine function

The data summarized herein demonstrate that inflammatory cytokines affect dopamine
function and may contribute to the development of neuropsychiatric symptoms such as
fatigue, anhedonia, psychomotor slowing, sleep disturbances, and depression in multiple
patient populations with increased inflammation. Moreover, the prevalence of
neuropsychiatric symptoms, and particularly fatigue, in patients exposed to chronic
inflammation or inflammatory cytokines substantiate the need to understand the precise
mechanisms of cytokine effects on dopamine function to determine optimal treatment
strategies. As discussed previously, the symptom spectrum likely mediated by changes in
dopamine function appears to be resistant to treatment with SSRIs [27, 144, 166].
Furthermore, as noted above, stimulants such as amphetamines and dopamine reuptake
blockers to treat fatigue in medically ill and depressed populations have exhibited limited
therapeutic efficacy [22, 127, 142, 161, 196, 200]. Although the use of drugs such as
amantadine or modafinil that work through alternative mechanisms may have greater
success in treating fatigue in medical illnesses, e.g. cancer and multiple sclerosis [109, 168,
229], their benefit still remains to be determined [161, 196]. Since stimulants act to increase
dopamine release and block DAT function, these drugs may not provide long term efficacy
if cytokine effects on dopamine function are primarily mediated through inhibitory effects
on synthesis, packaging, or release. Therefore, consideration should be given to alternative
strategies such as compounds that 1) increase dopamine synthesis or VMAT?2 function, 2)
inhibit potential cytokine-induced increases in DAT activity, and 3) inhibit activation of the
neuroactive metabolites of the kynurenine pathway and/or glutamate. Of course, strategies
that inhibit inflammation and/or the inflammatory cytokines themselves may also be
considered. Indeed, administration of the TNF-alpha antagonist, etanercept, has been shown
to inhibit fatigue in patients with advanced cancer [141].

Dopamine synthesis may be improved by boosting BH4 activity, thus increasing the
synthetic capacity of PAH and TH. There are a number of compounds than can boost BH4
availability. Inflammation-reduced BH4 concentrations can be restored through the salvage
pathway with administration of synthetic pterin following conversion by sepiapterin
reductase [42, 149]. Sapropterin (Kuvan) is the first non-dietary, FDA-approved, synthetic
form of BH4 for patients with phenylketonuria (PKU) that has been shown in randomized,
double-blind trials to be effective in lowering blood phenylalanine levels [21]. PKU, which
is characterized by excessive phenylalanine levels, is caused by reduced PAH activity from
genetic mutations. Sapropterin administration increases BH4 in order to boost residual
enzymatic activity that may be present in some patients by acting as a chaperone to promote
normal PAH activity, and stabilizes blood phenylalanine concentrations in BH4-responsive
patients [20, 209, 211]. Of note, hyperphenylalaninemia can also be caused by a deficiency
of BH4 itself, and is associated with significant brain damage, mental retardation, seizures,
and behavioral alterations, similar to that found in patients with PKU due to PAH
deficiency. This syndrome can also be treated with sapropterin. Several other strategies are
also currently available to address deficiencies in BH4, including the use of folic acid, L-
methylfolate, and S-adenosyl-methionine (SAMe), all of which have a role in the synthesis
and/or regeneration of BH4 [135, 138, 194]. Although BH4 administration has not been
studied in the context of depression or fatigue, studies examining folic acid, L-methylfolate,
and SAMe have been conducted in depression. Interestingly, low serum folate has been
associated with increased risk of depression as well as non-response to antidepressant
treatment and an increased likelihood of depression relapse [61, 69, 70, 156, 157].
Administration of L-methylfolate (marketed as Deplin and Zervalx) to depressed patients
has been shown to augment the efficacy of standard antidepressant therapy [71, 72], and
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treatment with SAMe adjunctive to serotonin reuptake inhibitors leads to significantly
higher rates of remission and 50% or greater decreases in depressive symptoms compared
with placebo [155]. Interestingly, although the impact of inflammation and associated
oxidative stress on BH4 and dopamine metabolism is well recognized, studies have yet to
directly test whether strategies to augment BH4 are efficacious in restoring dopamine
function, and treating fatigue and depression in patients with increased inflammation.

In terms of dopamine packaging, release, and reuptake, compounds that improve VMAT2
function or inhibit cytokine effects on DAT and VMAT2, could be considered for the
treatment of cytokine-induced depression and fatigue. Activity of the VMAT?2 has been
found to be increased by trkB agonists, and a promising compound, 7,8-dihydroxyflavone, is
currently being investigated for neuroprotective efficacy in animal models of PD [93].
Blockade of cytokine-signaling pathways that may directly affect DAT and/or VMAT?2
function may also be considered, and a number of p38 MAPK inhibitors are in development
for the treatment of a range of diseases, including autoimmune and inflammatory disorders,
cardiovascular disease, pulmonary disorders, including asthma and COPD, as well as pain
[113]. Interestingly, inhibition of p38 MAPK has been shown to reverse the development of
LPS-induced behavioral changes in laboratory animals [228], in part, through reversing p38
MAPK effects on the serotonin transporter, but may also involve reversal of effects on
dopamine reuptake.

Consequences of the neuroactive metabolites of kynurenine, kynurenic acid and QUIN,
particularly on glutamate (as discussed above), suggest that inhibition of the IDO pathway
may be important target in addressing the impact of inflammation on basal ganglia
dopamine function and treating inflammation-induced depression and fatigue. Of relevance
in this regard, IDO-deficient mice are resistant to behavioral changes following bacille
Calmette—Guerin (BCG) infection, while showing a normal inflammatory cytokine response
to BCG administration [150]. Treatment of mice with the IDO antagonist, 1-methyl
tryptophan (1-MT), has been shown to abrogate the impact of LPS, as well as an attenuated
form of Mycobacterium bovis, on depressive-like behavior [150, 151]. 1-MT is currently
being tested in patients with advanced-stage cancers, administered alone or in combination
with vaccine therapies (e.g. ClinicalTrials.gov: NCT00617422 and NCT01302821). In
addition, elaboration of the crystal structure of human IDO has paved the way for the design
of new IDO inhibitors [47, 173], and inhibitors of other targets in the kynurenine pathway
are also being developed [182, 199]. Targeted deletion of kynurenine aminotransferase-I1
(the enzyme that converts kynurenine to KA) has also been shown to increase cognitive
performance in association with an increase in the amplitude of long-term potentiation /in
vitro, while reducing extracellular kynurenic acid as measured by hippocampal /n vivo
microdialysis [159]. As mentioned above, dopamine release is under partial control of
glutamate neurotransmission, and changes in dopamine function due to inflammation-
induced KA may respond to alpha 7 nicotinic acetylcholine receptor agonists, that have been
shown to reverse kynurenic acid effects on dopamine release [218].

It is important to note that administration of glutamate receptor antagonists, such as the
NMDA antagonist, ketamine, have potent antidepressant effects especially in treatment
resistant depressed patients who, as mentioned previously, have been shown to exhibit
increased inflammation [1, 160]. Given that the neurotoxic effects of QUIN may be
mediated by excessive glutamate excitotoxicity [182, 202, 203], glutamate antagonists may
be useful in preventing excitotoxic effects on the highly sensitive dopamine neurons. Indeed,
metabotropic glutamate receptor antagonists that modulate glutamate transmission in the
basal ganglia have been successful in reducing dopamine cell loss in an animal model of PD
[128]. Therefore, blockade of kynurenine pathways or modulation of glutamate
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neurotransmission may confer protection against inflammation and IDO-mediated effects on
dopamine function, to improve behavior in medically ill and depressed individuals.

5. Future directions

Although neuroimaging and biochemical data have provided evidence of functional effects
of immune activation on the basal ganglia and dopamine function, future studies to further
elucidate the mechanisms of these effects are warranted. These studies will ultimately be
required to determine the most appropriate treatments to target basal ganglia dopamine-
mediated symptoms. Provided that monkeys experience similar behavioral changes in
response to IFN-alpha as humans [62], and there is some indication that dopamine may be
selectively targeted in these animals (see Fig. 1 A), /n vivo microdialysis experiments in
monkeys can be used to further explore the impact of inflammatory cytokines on presynaptic
dopamine function. Reverse /n vivo microdialysis stimulation protocols using amphetamines
and high K+ to probe vesicular release as well as /7 vivo treatment strategies could then be
used to further probe the mechanisms of inflammatory cytokine effects on dopamine
synthesis, packaging and release. Furthermore, translational neuroimaging techniques can be
used in non-human primates and humans, including neuroimaging with carbon-11(C11)-
labeled-raclopride that can indirectly measure stimulated dopamine release in the basal
ganglia [192, 210], C11-labeled diihydrotetrabenazine (DTBZ) to measure VMATZ2, and
F18-Jabeled 2B-Carbomethoxy-3p-(4-chlorophenyl)-8-(2-fluoroethyl)nortropane (FECNT)
to image the DAT. Moreover, /in vitro models would permit investigation of cytokine effects
on gene expression and protein function, such as the VMAT2 and DAT. Finally,
neuroimaging of medically ill patients experiencing neuropsychiatric disorders as the result
of immune activation, such as with cancer, or medically healthy subjects with depression
and high inflammation, would reveal inflammation-effects on the basal ganglia and
dopamine function in relation to specific symptoms experienced by these patient
populations. Together, these data will provide further evidence of the mechanisms of
inflammatory cytokine effects on dopamine neurotransmission, and will guide the future
development and testing of novel pharmacological treatment strategies to reverse basal-
ganglia-mediated behavioral changes including depression and fatigue.

6. Summary

There is strong evidence that inflammatory cytokines specifically target the basal ganglia
and dopamine function to contribute to neuropsychiatric symptoms including depression and
fatigue in medically ill and depressed subjects. Much of this evidence stems from
biochemical and behavioral studies in humans and animals administered cytokines, such as
IFN-alpha, and from neuroimaging experiments that demonstrate altered basal ganglia and
dopamine function in response to inflammatory cytokines or immune activation. Increased
inflammation and exposure to inflammatory cytokines produce an array of behavioral
disturbances, many consistent with changes in basal ganglia dopamine function. Basal
ganglia-mediated symptoms, such as fatigue and psychomotor slowing, are resistant to
treatment with SSRIs in both medical illness and depression. Surprisingly, these symptoms
have also been difficult to treat with classical stimulant medications that increase DAT-
mediated dopamine release and/or block dopamine reuptake, indicating cytokine effects on
dopamine function may sabotage or circumvent the mechanism of action of these agents.
Inflammatory cytokines may affect multiple aspects of dopamine neurotransmission, leading
to decreased synthesis, impaired packaging or release, and increased reuptake, all of which
may interact to a greater or lesser extent to reduce dopamine function. Multiple
pharmacological treatment strategies to potentially target cytokine effects on dopamine
function exist, yet future studies are needed to identify the precise mechanisms of cytokine
action. Further understanding of the mechanisms of inflammation and inflammatory
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cytokines effects on basal ganglia dopamine function will enhance our fundamental
understanding of neuropsychiatric symptoms, such as fatigue, in both medically ill and
medically healthy depressed individuals, and inform new approaches to the treatment of
these patient populations.
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Fig. 1. Reduced CSF HVA concentrations during chronic | FN-alpha administration are
associated with depressive-like huddling behavior in monkeys and symptoms of fatiguein
humans

Video-taped behavior and cisternal cerebrospinal (CSF) samples were collected from 7
rhesus monkeys receiving daily subcutaneous (s.c.) injections of saline or IFN-alpha (20 1U/
m? body surface area) for 2 weeks, and were analyzed for depressive-like huddling behavior
and monoamine metabolite concentrations, respectively. Compared to saline, IFN-alpha
produced increased huddling behavior in 4 out of 7 animals that was associated with
decreased CSF homovanillic acid (HVA) and 3,4-dihydroxyphenylacetic acid (DOPAC)
concentrations (A). In HCV+ human subjects treated with IFN-alpha for 11 weeks, natural
log (In) transformed concentrations of CSF HVA were correlated with fatigue scores, as
measured by the physical fatigue dimension of the multidimensional fatigue inventory (MFI)
(r=—0.38, p<0.05, n=29) (B). Data in A are summarized as mean+/-SE, *p<0.05
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Figure 2. Potential mechanisms of inflammatory cytokine effects on basal ganglia dopamine
synthesisand release

Evidence indicates that inflammatory cytokines from the periphery, or those produced
locally by activated microglia or infiltrating macrophages, can produce nitric oxide, as well
as quinolinic acid through indoleamine 2,3-dioxygenase (IDO) and kynurenine pathways,
both of which contribute to oxidative stress and reactive oxygen species (ROS) generation.
Increased ROS and inflammation-induced nitric oxide contribute to (1) oxidation of
tetrahydrobiopterin (BH4), a cofactor required for the conversion of phenylalanine to
tyrosine and tyrosine to L-3,4-dihydroxyphenylalanine (L-DOPA), which are necessary for
the synthesis of dopamine. Furthermore, some evidence exists that inflammatory cytokines
may (2) decrease the expression or function of the vesicular monoamine transporter 2
(VMAT2), and/or (3) increase expression or function of the dopamine transporter (DAT).
Dysregulation of dopamine transport and vesicular packaging can increase cytosolic
dopamine, leading to auto-oxidation and generation of ROS and neurotoxic quinones.
Finally, cytokine-activation of IDO in peripheral immune cells or microglia also produces
kynurenic acid from kynurenine by kynurenine aminotransferase (KAT) Il activity in
astrocytes. Kynurenic acid can lead to (4) reduced glutamate (glu) neurotransmission by
antagonism of glu receptors and release, consequently decreasing glu-evoked dopamine
release in the striatum. Although not pictured, excessive cytokine-induced release of
glutamate and quinolinic acid may also contribute to increased oxidative stress and
excitotoxicity.
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3-HAO, 3-hydroxyanthranilic acid oxygenase; AMPAR, 2-amino-3-(5-methyl-3-oxo-1,2-
oxazol-4-yl) propanoic acid receptor; BH4, tetrahydrobiopterin; D1, dopamine receptor 1;
D2, dopamine receptor 2; DAT, dopamine transporter; glu, glutamate; DDC, dopamine
decarboxylase; IDO, indoleamine 2,3 dioxygenase; KAT Il, kynurenine aminotransferase II;
KMO, kynurenine 3-monooxygenase; L-DOPA, L-3,4-dihydroxyphenylalanine; NMDAR,
N-Methyl-D-aspartic acid receptor; PAH, phenylalanine hydroxylase; ROS, reactive oxygen
species; TH, tyrosine hydroxylase; VMAT2, vesicular monoamine transporter 2
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Figure 3. Effects of inflammatory cytokines on BH4 synthesis and oxidation, and nitric oxide
activity, which contribute to decreased BH4 availability for dopamine synthesis

Dopamine synthesis relies on the conversion of tyrosine to L-DOPA by tyrosine
hydroxylase (TH), the rate-limiting enzyme for dopamine synthesis. Phenylalanine is
converted to tyrosine by phenylalanine hydroxylase (PAH), and both TH and PAH require
BH4 as a co-factor. BH4 is also a co-factor for the NO synthases (NOS), which convert
arginine to NO. BH4 is redox-sensitive and readily oxidized reversibly to dihydrobiopterin
(BH2) and irreversibly to dihydroxanthopterin (XPH2). Although inflammatory cytokines
induce GTP-cyclohydrolase | expression, an enzyme necessary for BH4 synthesis, they also
increase both ROS and inducible NOS activity. Increased oxidation of BH4 by ROS as well
as increased inducible NOS activity results in NOS uncoupling and the preferential
generation of free radicals from 0, rather than NO. This production of free radicals further
contributes to oxidative stress and reduction of BH4, ultimately leading to decreased BH4
availability for dopamine synthesis.

Red arrows indicate inflammatory cytokine effects on BH4 metabolism and activity. BH2,
dihydrobiopterin; BH4, tetrahydrobiopterin; GTP, guanosine-5’-triphosphate; L-DOPA,
L-3,4-dihydroxyphenylalanine; NO, nitric oxide; NOS, nitric oxide synthase; PAH,
phenylalanine hydroxylase; ROS, reactive oxygen species; TH, tyrosine hydroxylase;
XPH2, dihydroxanthopterin
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