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Abstract

Background: Studies using neuroimaging and in vivo microdialysis in humans and nonhuman primates indicate that
inflammatory cytokines such as interferon-alpha reduce dopamine release in the ventral striatum in association with
depressive symptoms including anhedonia and psychomotor slowing.

Methods: Herein, we examined whether reduced striatal dopamine release in rhesus monkeys chronically treated with
interferon-alpha can be restored by administration of the dopamine precursor levodopa via reverse in vivo microdialysis.
Results: Levodopa completely reversed interferon-alpha-induced reductions in striatal dopamine release. No changes were
found in the 3,4-dihydroxyphenylacetic acid to dopamine ratio, which increases when unpackaged dopamine is metabolized
via monoamine oxidase.

Conclusions: These findings suggest that inflammatory cytokines reduce the availability of dopamine precursors without
affecting end-product synthesis or vesicular packaging and/or release and provide the foundation for future studies
investigating therapeutic strategies that facilitate availability of dopamine precursors to improve depressive symptoms in
patient populations with increased inflammation.
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Introduction

Novel approaches to understanding the neural circuitry of
behavior (ie, optogenetics) have revealed that dopamine neu-
rons play a pivotal role in multiple depressive symptoms (Tye
et al., 2013). In addition, new methods to probe motivation and
reward circuitry in humans have rekindled interest in dopa-
mine in depression (Treadway and Zald, 2011). One pathophysi-
ologic pathway that may influence dopamine in depression is
inflammation.

Inflammatory cytokines and other biomarkers of inflam-
mation are reliably elevated in a significant proportion of
depressed patients, and peripheral administration of inflamma-
tory cytokines, including interferon (IFN)-alpha, is well known to
induce depressive-like behavior in both humans and nonhuman

primates (Capuron et al., 2012; Felger and Miller, 2012). Indeed,
chronic administration of IFN-alpha to patients with hepatitis C
or malignant melanoma produces clinically significant depres-
sive symptoms in up to 50% of treated patients that prominently
features reduced motivation and psychomotor slowing (Felger
and Miller, 2012), which are difficult to treat with standard anti-
depressant therapies and are often associated with dopamine
depletion (Dunlop and Nemeroff, 2007). Inhibition of inflam-
matory cytokines such as tumor necrosis factor also has been
shown to reduce depressive symptoms, including anhedonia
and psychomotor retardation in patients with inflammatory
disorders and in depressed patients with increased inflamma-
tion (Tyring et al., 2006; Raison et al., 2013).
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Further relevant to dopamine and motivation and motor
activity, neuroimaging studies in humans have found that
administration of IFN-alpha or other stimuli that induce inflam-
matory cytokines (eg, vaccination or endotoxin) decrease neural
activation of the ventral striatum to hedonic reward and alter
activity of the substantia nigra, leading to depressive symptoms
including anhedonia and psychomotor slowing (Brydon et al.,
2008; Eisenberger et al., 2010; Capuron et al., 2012). Furthermore,
studies using positron emission tomography have revealed
increased uptake and decreased turnover/release of the radi-
olabeled dopamine precursor, [18F]fluorodopa, in the ventral
striatum of patients administered IFN-alpha for hepatitis C,
which correlated with IFN-alpha-induced symptoms of depres-
sion, including reduced motivation (Capuron et al., 2012). Like
levodopa (L-DOPA), [18F]fluorodopa is taken up by dopaminer-
gic neurons and converted into dopamine by DOPA decarboxy-
lase and then stored in synaptic vesicles for release. Increased
[18F]fluorodopa uptake indicates that IFN-alpha administration
may deplete dopamine precursors, thereby reflexively increas-
ing DOPA decarboxylase activity (which has been observed
with neuroleptics and reserpine; (Hadjiconstantinou et al,,
1993). Decreased [18F]fluorodopa turnover suggests that newly
synthesized dopamine may not be effectively packaged and/
or released (Capuron et al., 2012). Our previous work in rhesus
monkeys has also demonstrated that chronic IFN-alpha admin-
istration decreases striatal dopamine release as measured by
reverse in vivo microdialysis stimulation with high potassium
or amphetamine (AMPH), which correlated with IFN-alpha-
induced decreases in effort-based sucrose consumption, a
measure of anhedonic behavior (Felger et al., 2013b). However,
whether the effects of IFN-alpha on dopamine release are
the result of impaired availability of dopamine precursors or
whether cytokines alter dopamine vesicular packaging and/
or release mechanisms is currently unknown. Accordingly, in
this brief report, we measured turnover and release of dopa-
mine in response to AMPH in the presence or absence of the
dopamine precursor, L-DOPA, administered via reverse in vivo
microdialysis in rhesus monkeys administered IFN-alpha for
4 weeks compared with untreated control conditions (Felger
et al., 2013b).

Methods

Animals and IFN-Alpha Treatment

Four rhesus monkeys (Macaca mulatta), 2 male (12-14kg) and 2
female (7-9kg), aged 12 to 14 years were individually housed
in adjacent cages in same-sex colony rooms. Animals were
fed Purina monkey chow twice daily supplemented with fresh
fruits and vegetables and maintained on a 7 AmM-7 pMm light-dark
cycle. Prior to treatment initiation, animals were habituated to
study procedures to minimize stress reactivity. IFN-alpha (rHu-
IFN-a-2b, Schering-Plough, Kenilworth, NJ) 20 MIU/m? was sub-
cutaneously administered in equivalent volumes (0.5-1.5mL)
between 7 and 10 am 5 days per week for 4 weeks, similar to
the treatment schedule of patients receiving IFN-alpha mono-
therapy for malignant melanoma, which has been previously
reported to induce huddling, a depressive-like behavior, and
decrease effort-based sucrose consumption in rhesus mon-
keys (Felger et al., 2007 2013b). See Supplementary Materials
for additional details regarding the animals and study proce-
dures. All study procedures were a priori approved by the Emory
Institutional Animal Care and Use Committee.

Study Design

To assess turnover and release of dopamine in the presence or
absence of L-DOPA during IFN-alpha administration, we first
tested a range of 4 doses of L-DOPA (1, 10, 100, and 100 pM) pre-
viously used in reverse in vivo microdialysis studies in rodents
and monkeys in 2 animals to determine the lowest dose that
increased extracellular dopamine >2-fold (see Supplementary
Materials and Figure S3 for details regarding L-DOPA dosing).
After collection of data under control conditions, animals were
given a recovery period of 3 to 4 weeks prior to initiation of
IFN-alpha administration. Animals were assigned to stimula-
tion with AMPH (100 pM) in both the presence and absence of
L-DOPA (10 pM) using a counterbalanced design during the last 3
to 4 weeks of IFN-alpha administration, with sampling sessions
occurring 10 to 12 days apart (see Supplementary Materials
and Figure S2). Because of experimental complications during
data collection under control conditions in one animal, n=3 for
comparison of AMPH stimulation between IFN-alpha and con-
trol in the absence of L-DOPA (Figure 1), and n=4 for all other
comparisons.

In Vivo Microdialysis

Subjects were surgically prepared with guide cannulae
implanted bilaterally above the caudate nucleus as previously
described and in detail in the Supplementary Materials (Felger
et al., 2013b). The caudate was chosen because of the promi-
nence of motor slowing in IFN-alpha-treated patients and
decreased locomotor activity and exploratory behavior in rhe-
sus monkeys observed in previous studies (Felger et al., 2007;
Felger and Miller, 2012). Furthermore, the caudate has a simi-
lar neurochemical composition as the nucleus accumbens, but
its larger size permits a greater likelihood of accurate probe
placement. Cannula placement was verified for each animal
by MRI (Felger et al., 2013b). Awake subjects underwent reverse
in vivo microdialysis sessions with 100 pM AMPH (Sigma, St.
Louis, MO) dissolved in artificial cerebrospinal fluid (CSF)
for 10- and 60-minute sample collection in the presence or
absence of L-DOPA (Sigma), which was infused for 60 minutes
prior to AMPH stimulation. Dopamine and 3,4-dihydroxyphe-
nylacetic acid (DOPAC) levels were determined as nanomolar
concentrations in dialysate unadjusted for probe recovery
(Felger et al., 2013b). The dopamine responses to AMPH were
calculated as percent of baseline (extracellular dopamine con-
centration/mean of 5 baseline samplesx100). Samples were
analyzed by high-performance liquid chromatography and
mass spectroscopic detection (see Supplementary Materials
for details).

Statistics

Two-way repeated-measures analysis of variance was used to
assess dopamine responses before, during, and after AMPH in
each treatment condition (control or IFN-alpha). Sphericity was
computed using Mauchly’s W, and if sphericity was violated
(Epsilon <0.75), the more conservative Greenhouse-Geisser cor-
rection was employed to adjust the degrees of freedom, thus
preventing inflation of the F-ratio and reducing the Type I error
rate. All tests of significance were 2-tailed with an alpha level of
0.05, and all post hoc analyses were conducted using Tukey’s test
or paired t test. Statistical analyses were conducted using SPSS
(IBM, Armonk, NY) and Sigma Stat (Systat, Jan Jose, CA) software
packages.
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Figure 1. Decreased striatal dopamine release induced by interferon (IFN)-alpha was reversed by levodopa (L-DOPA). IFN-alpha (20 MIU/m? subcutaneously) was
administered to 4 rhesus monkeys for 4 weeks, and reverse in vivo microdialysis sampling with amphetamine (AMPH; 100 pM) stimulation was conducted in the
presence or absence of the dopamine precursor, L-DOPA (10 pM administered by reverse in vivo microdialysis) and compared with untreated control conditions. IFN-
alpha administration significantly decreased extracellular dopamine in response to AMPH stimulation compared with control (a). Administration of L-DOPA produced
a similar increase in extracellular dopamine in both IFN-alpha and control conditions and restored IFN-alpha-induced reductions in dopamine release following
stimulation with AMPH to control levels (b). Data are presented as mean + SEM. *P<.05 Tukey’s posthoc test, IFN-alpha compared with control. # P<.05 paired t test,

IFN-alpha compared with control.

Results

Because the dopamine response in the presence of L-DOPA was
unknown but anticipated to be high, particularly under control
conditions, the dose of AMPH used in our previous study was
reduced from 250 to 100 pM (Felger et al., 2013b). In the untreated
control condition, the 100-pM dose of AMPH produced robust
increases in dopamine from baseline (Figure 1a), consistent with
previous studies (Gerhardt et al., 2002; Felger et al., 2013b). As pre-
viously reported, in the absence of L-DOPA, IFN-alpha significantly
decreased dopamine release to AMPH stimulation compared with
control, with a significant effect of treatment (F[1,2]=724.4, P=.001)
and a significant treatment xtime interaction (F[1.1,2.2]=377.30,
P=.02) (Felger et al., 2013b) (Figure 1a). Administration of L-DOPA
(10 pM) completely reversed IFN-alpha effects on dopamine
release following stimulation with AMPH, which produced similar
increases in extracellular dopamine in both IFN-alpha and con-
trol conditions, with no effect of treatment (F[1,3]=0.16, P=.72) or
treatment x time interaction (F[1.2,3.7]=0.33, P=.61) (Figure 1b).

In regard to potential effects of IFN-alpha on vesicular pack-
aging and release, newly synthesized dopamine that is not pack-
aged into synaptic vesicles is broken down into DOPAC in the
extravesicular space by monoamine oxidase (Caudle et al., 2007).
If dopamine packaging and release mechanisms were affected

by cytokine exposure, the DOPAC to dopamine ratio (DOPAC/
dopamine) would be expected to be elevated during IFN-alpha
administration. However, DOPAC/dopamine, which decreased fol-
lowing L-DOPA administration, did not differ between control and
IFN-alpha conditions either before or after L-DOPA and AMPH
administration, with no effect of treatment (F[1,3]=0.20, P=.69)
or treatment x time interaction (F[1.1,3.2]=0.09, P=.80) (Figure 2).

Discussion

Reversal of the IFN-alpha-induced decrease in dopamine
release by L-DOPA in the absence of an increase in DOPAC/
dopamine provides evidence that cytokines affect dopamine
precursors without affecting end-product synthesis or vesicular
packaging or release mechanisms. These findings are consistent
with observations of decreased CSF concentrations of dopamine
metabolites (DOPAC and/or homovanillic acid) in both humans
and monkeys exposed to chronic IFN-alpha (Felger et al., 2007;
Felger and Miller, 2012).

Administration of IFN-alpha induces a number of other
inflammatory cytokines in the periphery and central nervous
system (CNS) that are elevated in depression, including interleu-
kin-6 and tumor necrosis factor (Raison et al., 2009). IFN-alpha
and other cytokines can then activate inflammatory mediators
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Figure 2. Administration of levodopa (L-DOPA) during interferon (IFN)-alpha administration is not associated with increased 3,4-dihydroxyphenylacetic acid (DOPAC)
to dopamine ratio. IFN-alpha (20 MIU/m? subcutaneously) was administered to 4 rhesus monkeys for 4 weeks, and reverse in vivo microdialysis sampling with
amphetamine stimulation (AMPH; 100 pM) was conducted in the presence of the dopamine precursor, L-DOPA (10 pM; administered by reverse in vivo microdialysis),
and DOPAC to dopamine ratio (DOPAC/dopamine) was compared with control conditions before and after L-DOPA followed by AMPH administration. DOPAC/dopamine
did not differ between control and IFN-alpha conditions either before or after administration of L-DOPA and AMPH, indicating that dopamine packaging and release
mechanisms were intact following IFN-alpha administration. Data are presented as mean + SEM.

in the CNS that affect neurotransmitter systems, such as neu-
roactive metabolites of the kynurenine pathway and nitric oxid
(NO) (Kitagami et al., 2003; O’Connor et al., 2009). One mecha-
nism by which IFN-alpha and other inflammatory cytokines
may reduce dopamine precursors in the CNS is by effects on
tetrahydrobiopterin (BH4), an enzyme cofactor required for con-
version of phenylalanine to tyrosine by phenylalanine hydroxy-
lase and tyrosine to L-DOPA by tyrosine hydroxylase (Neurauter
et al., 2008). BH4 is also a cofactor for NO synthases (NOS), and
cytokine-induced increases in inducible NOS can usurp avail-
able BH4, resulting in NOS uncoupling and the generation of
reactive oxygen species rather than NO (see Felger and Miller,
2012 for discussion). Inflammation and inducible NOS-related
decreases in BH4 can further increase oxidative stress and
contribute to oxidative reduction of BH4 itself (which is highly
redox-sensitive), leaving even less BH4 available for dopamine
synthesis. Indeed, intramuscular injection of IFN-alpha to rats
has been shown to decrease CNS concentrations of both dopa-
mine and BH4 through stimulation of NO, and treatment with a
NOS inhibitor reversed IFN-alpha’s inhibitory effects on BH4 and
dopamine in the brain (Kitagami et al., 2003).

We and others have previously reported evidence of reduced
BH4 activity in IFN-alpha-treated patients (Zoller et al., 2012;
Felger et al., 2013a). For example, IFN-alpha administration is asso-
ciated with increased peripheral blood phenylanine to tyrosine
ratio, which in turn correlated with decreased CSF dopamine and
homovanillic acid (Zoller et al., 2012; Felger et al., 2013a). Increased
CSF interleukin-6 was also correlated with decreased BH4 in
CSF of IFN-alpha-treated patients (Felger et al., 2013a). Of note,
the phenylalanine to tyrosine ratio significantly correlated with
IFN-alpha-induced depressive symptoms (Felger et al.,, 2013a).
Moreover, dietary depletion of dopamine precursors including
phenylalanine and tyrosine has been found to decrease neural
activation of the ventral striatum to hedonic reward (Bjork et al.,
2014), similar to that observed following administration of IFN-
alpha or endotoxin (Eisenberger et al., 2010; Capuron et al., 2012).

Together, these findings suggest that pharmacologic strate-
gies that boost key components of dopamine synthesis may
be efficacious, whereas dopamine reuptake inhibitors may be
less effective, in treating depressive symptoms in patients with
increased inflammation. Indeed, dopamine reuptake inhibitors
have demonstrated limited efficacy in the treatment of depres-
sive symptoms such as fatigue in cancer patients (Moraska et al.,

2010; Bruera et al.,, 2013), as well as those with other medical
disorders associated with inflammation (see Felger and Miller,
2012 for discussion). Several pharmacological strategies exist to
increase BH4 (see Felger and Miller, 2012, for discussion), includ-
ing administration of BH4 itself, which may bolster dopamine
synthesis. Additionally, folic acid, L-methylfolate, or S-adenosyl-
methionine all have a role in the synthesis and/or regeneration
of BH4. Even antioxidants, such as citric acid, have been shown
to protect BH4 from oxidation and may be relevant to treatment
of BH4 and dopamine deficiency (Heller et al., 1999). Finally, res-
toration of dopamine directly through administration of L-DOPA/
carbidopa may reverse depressive symptoms in patients with
increased inflammation and low dopamine, as has been observed
in patients with Parkinson’s disease (Brodell et al., 2012).

There are several limitations of this brief report that should
be addressed, the first being the small samples size. However, 3
to 5 animals per group is common in nonhuman primate stud-
ies employing in vivo microdialysis techniques, and as with
previous studies, a within-subject design was used to reduce
effects of inter-subject variability and increase statistical power
(Felger et al., 2013b). An additional limitation is that this study
was designed to examine only whether the dopamine precursor
L-DOPA could restore cytokine-induced reductions in dopamine
release, which were previously found to correlate with decreases
in effort-based sucrose consumption, a measure of anhedonia
(Felger et al., 2013b). Future studies will be necessary to inves-
tigate whether restoration of dopamine release by agents that
increase dopamine synthesis can reverse cytokine-related
behavioral symptoms in humans or nonhuman primates.

In conclusion, the findings of this brief report indicate that
cytokine-induced reductions in striatal dopamine release can
be restored by administration of L-DOPA. These findings directly
extend our previous findings of decreased dopamine release and
decreased CSF dopamine metabolites in rhesus monkeys admin-
istered chronic IFN-alpha and complement neuroimaging studies
in humans indicating that administration of cytokines or cytokine-
inducers alter ventral striatal activation and dopamine metabolism
to produce depressive symptoms of anhedonia and psychomotor
slowing. Multiple pharmacological treatment strategies exist that
may facilitate the availability of dopamine precursors, such as
compounds that restore BH4 activity, and future studies are needed
determine the potential for these therapies to improve depressive
symptoms in patients with increased inflammation.
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