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Motivational changes that develop in a mouse model of
inflammation-induced depression are independent of
indoleamine 2,3 dioxygenase
Elisabeth G. Vichaya 1, Geoffroy Laumet 1, Diana L. Christian1, Aaron J. Grossberg1, Darlene J. Estrada1, Cobi J. Heijnen1,
Annemieke Kavelaars1 and Robert Dantzer1

Despite years of research, our understanding of the mechanisms by which inflammation induces depression is still limited. As
clinical data points to a strong association between depression and motivational alterations, we sought to (1) characterize the
motivational changes that are associated with inflammation in mice, and (2) determine if they depend on inflammation-induced
activation of indoleamine 2,3 dioxygenase-1 (IDO1). Lipopolysaccharide (LPS)-treated or spared nerve injured (SNI) wild type (WT)
and Ido1−/− mice underwent behavioral tests of antidepressant activity (e.g., forced swim test) and motivated behavior, including
assessment of (1) reward expectancy using a food-related anticipatory activity task, (2) willingness to work for reward using a
progressive ratio schedule of food reinforcement, (3) effort allocation using a concurrent choice task, and (4) ability to associate
environmental cues with reward using conditioned place preference. LPS- and SNI-induced deficits in behavioral tests of
antidepressant activity in WT but not Ido1−/− mice. Further, LPS decreased food related-anticipatory activity, reduced performance
in the progressive ratio task, and shifted effort toward the preferred reward in the concurrent choice task. These effects were
observed in both WT and Ido1−/− mice. Finally, SNI mice developed a conditioned place preference based on relief from pain in an
IDO1-independent manner. These findings demonstrate that the motivational effects of inflammation do not require IDO1. Further,
they indicate that the motivational component of inflammation-induced depression is mechanistically distinct from that measured
by behavioral tests of antidepressant activity.
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INTRODUCTION
Major depressive disorder affects ~15.7 million adults in the
United States annually [15]. While the pathophysiology of this
disorder is still unclear, chronic low-grade inflammation underlies
the development of symptoms in a subset of individuals [1]. This is
supported by increased prevalence rates for depression among
individuals with inflammatory diseases and the ability of cytokine
antagonists to alleviate symptoms of depression in these
individuals independent of effecting the disease process [2].
Despite years of clinical and preclinical studies, our understanding
of the relationship between inflammation and depression is
limited. Population studies on the association of inflammation
with specific symptoms of depression reveal that somatic
symptoms (e.g., fatigue) show a stronger association with
inflammatory markers than do affective symptoms (e.g., sadness)
[3–5]. Further, somatic symptoms of depression, such as sleep and
fatigue, tend to be more resistant to antidepressant treatment
[6, 7]. Further, inflammation in depressed patients is associated
with decreased connectivity within corticostriatal circuits involved
in reward and motivation [8]. However, little is known about the
motivational aspects of inflammation-induced depression. The
present study was undertaken to fill this knowledge gap. We
focused on testing the effect of inflammation on components of
positive valence systems as defined by the Research Domain

Criteria (RDoC) of the National Institute of Mental Health [9]. These
systems regulate responses to positive motivational situations/
contexts and are disrupted in a variety of mental health disorders,
including major depressive disorder.
Indoleamine 2,3 dioxygenase-1 (IDO1), which mediates the

conversion of tryptophan to kynurenine, is required for the
induction of inflammation-induced depression-like behavior as
measured by behavioral tests of antidepressant activity [10–12].
However, the contribution of this pathway to inflammation-
induced motivational changes has not yet been addressed.
Kynurenine within the brain is metabolized into neurotoxic
metabolites (e.g., quniolinic acid) that act as N-methyl-D-aspartate
(NMDA) receptor agonists to induce behavioral changes in these
tests [13]. The role of this pathway in depression is supported by
clinical data demonstrating increased kynurenine levels in
cerebrospinal fluid of depressed patients [14] and increased
neurotoxic kynurenine metabolites levels within brains of
individuals who committed suicide [15]. We investigated the role
of IDO1 in inflammation-induced motivational deficits by compar-
ing Ido1−/− to wild type (WT) mice in behavioral tests measuring
different components of the RDoC positive valence systems
including: (1) reward expectance measured by a food-related
anticipatory activity task; (2) willingness to work for reward
assessed by a progressive ratio task; (3) reward valuation and
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effort allocation evaluated by an effort-based decision making
task; (4) ability to associate environmental cues to reward using a
conditioned place preference (CPP) paradigm. Inflammation was
induced by systemic administration of lipopolysaccharide (LPS) or
spared nerve injury (SNI). These treatments induce depression-like
behavior, as measured by behavioral tests of antidepressant
activity, via an IDO1-dependent mechanism [11–13]. Our results
demonstrate that inflammation alters reward expectancy, will-
ingness to expand effort for reward, and effort allocation without
compromising reward learning and that these effects are
independent of IDO1.

METHODS AND MATERIALS
Experimental subjects
Experiments used male and female adult WT C57BL6/J mice and
Ido1−/− mice bred in-house, originally purchased from Jackson
Laboratory. Mice were maintained on a 12-h light:dark cycle. Male
mice were used in studies of LPS treatment and female mice in
studies of SNI. Our SNI findings parallel and extend those
previously reported in male mice [12]. Besides a possible
decreased activity of the neuroprotective branch of the kynur-
enine pathway in females, potentially making them more
susceptible to IDO-dependent inflammation-induced depression
[16], we did not expect an interaction between sex and
inflammation-induced activation of the kynurenine pathway.

Models of acute and chronic inflammation
LPS-induced model of acute inflammation: single-housed male mice
were treated with LPS (serotype 0127:B8; Sigma-Aldrich,
St. Louis, MO) or PBS by intraperitoneal (IP) injection. At the
time of testing mice were 14–18 weeks of age. A 0.33mg/kg LPS
dose was selected as it induces liver Ido1 (Figure S1), induces
brain inflammatory cytokines [17, 18], and causes
depression-like behavior in behavioral tests of antidepressant
activity [17–19]. Mice were tested around 24 h after treatment
when these tasks have previously been shown to be IDO1-
dependent [20].
SNI model of chronic inflammation: we have previously shown

that SNI-induces IDO1-dependent depressive-like behavior in
behavioral tests of antidepressant activity [12]. SNI was performed
as previously described [12, 21]. Briefly, 10-week-old female mice
were deeply anesthetized by isoflurane and the common peroneal
and tibial nerves were ligated and then transected, leaving
the sural nerve intact. Sham mice underwent surgery without
nerve ligation/transection. Mice were group housed (3–5/cage)
for 4 weeks post-surgery and then single-housed for testing
5–6 weeks post-surgery.

Behavioral testing
Behavioral tests of antidepressant activity: behavioral tests devel-
oped to screen for antidepressant activity of psychotropic drugs
(e.g., forced swim test (FST), sucrose preference, and novelty
suppressed feeding (NSF)) were used to confirm the role of IDO1
in inflammation-induced depression. We refer to them as
behavioral tests of antidepressant activity even if they are often
used for testing for depression in rodents.
For FST, each mouse was placed in a swim chamber filled with

24 ± 1 °C water. Immobility time during the last 5 min of a 6-min
test was scored as previously described [11, 13]. FST was
conducted 24 h after 0.33 mg/kg LPS and 6 weeks after SNI.
For the sucrose preference test, mice were provided with a

water bottle and another bottle with 1% sucrose solution.
Consumption was measured in 12 h intervals after treatment with
0.33 mg/kg LPS [13, 22].
The NSF task was conducted 6 weeks after SNI surgery [23, 57].

Mice were food deprived for 24 h and then placed in a novel cage
with fresh bedding (50 × 30 × 30 cm). A food pellet was placed in

the center on a white paper square. Latency to start eating was
recorded.
Locomotor activity: this activity was assessed for 5 min in an

empty arena (18.4 × 29.2 cm for LPS; 50 × 30 cm for SNI). Activity
was recorded by video camera, and distance traveled was
quantified using Noldus EthoVision XT Software (Nodus Informa-
tion Technology, Leesberg, VA).
Assessment of evoked and spontaneous pain: pain was assessed

5 weeks after SNI. Evoked pain was assessed by von Frey test as
previously described [21, 24, 25]. Briefly, mice were acclimated to
chambers on a raised mesh floor and were presented a series of
calibrated von Frey filaments to the plantar surface of the hind
paw. A brisk paw withdrawal or flinch constituted a positive
response. In the absence of a response a filament of greater force
was applied. In the presence of a lower force filament was applied.
The 50% withdrawal threshold was determined using the up-
down method.
Non-evoked pain was assessed by using dynamic weight

bearing system (BioSeb, Paris, France). Mice explored the
enclosure for 10 min. Floor-instrumented pressure data were
collected during the last 5 min of exploration. Raw pressure data
were automatically synchronized with images from the video
camera and the averaged pressure values were computed by
BioSeb software v1.3. Data are presented as percent body weight
on the ipsilateral hind limb [26, 27].
Anticipatory activity task. Conditioned expectation of food

delivery was induced by restricting food access to 4 h during
the light cycle (zeitgeber time (ZT) 5–9) [28–30]. This schedule
maintained mice at 85–90% body weight. Food-related antici-
patory activity was quantified by the amount of locomotor activity
in 5 min immediately prior to food delivery. After 2 weeks of
restricted food access, mice were treated with LPS or PBS at ZT 7
and food was removed. Mice were tested the next day at ZT 5,
when food was previously provided. For this experiment a 1.0 mg/
kg LPS dose was required as the 0.33mg/kg dose was insufficient
to reduce anticipatory activity in the context of combined food
restriction and wheel running (Figure S2).
Progressive ratio task. The progressive ratio task was used to

evaluate effort valuation. Mice were food restricted to 85–90% of
free feeding weight and were trained to nose poke for chocolate-
flavored Dustless Precision Pellets (20 mg, BioServ, Frenchtown,
NJ) in operant conditioning chambers equipped with a single
nose-poke response unit and food dispenser (Med Associates, St.
Albans, VT). Mice were trained on a fixed ratio 1 (FR1, 1 reward for
1 nose poke) schedule for 6 days, FR5 (1 reward for five nose
pokes) schedule for 4 days, and then the experimental PR
schedule (PR = 5e(R × 0.2)−5, where R equals the number of
rewards earned plus one) [31, 32]. The final ratio completed, or
breakpoint, was assessed at the earlier of 5 min without nose
pokes or 45 min. After stable baseline performance was achieved,
mice were treated, in a counterbalanced fashion, with vehicle and
0.5 mg/kg LPS by a 1 week interval. Mice were tested 24 and 48 h
after treatment.
Effort-based decision making task. To assess effort allocation a

concurrent choice effort-based decision task was used [33, 34].
Mice were restricted to 85–90% of their free feeding weight and
were trained to nose poke for chocolate-flavored and grain-based
Dustless Precision Pellets (20 mg, BioServ, Frenchtown, NJ) in
operant conditioning chambers equipped with a nose-poke
response unit and reward units on both the right and left walls
(Med Associates, St. Albans, VT). Mice were trained on an
FR1 schedule for grain-based pellets and an FR10 schedule for
chocolate-flavored pellets as previously described [34]. The
higher reward value of chocolate pellets was confirmed by a free
feeding task where both type of pellets were freely available [34].
Training on the concurrent FR1/FR10 schedule continued
until stable percent chocolate preference (% chocolate
preference= [chocolate pellets earned]/[chocolate+ grain pellets
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earned] × 100) was reached. Mice were treated, in a counter-
balanced fashion, with vehicle and 0.33 mg/kg LPS by a 1 week
interval. Mice were tested 24 h after treatment.
CPP. CPP was used to assess the ability of mice to associate

environmental cues to a reward. SNI mice experience chronic pain,
therefore, they learn to prefer a distinct environment when that
environment is paired with transient pain relief provided by the
analgesic retigabine [35–37]. The CPP apparatus consists
of a dark and bright chamber (18 × 20 cm) connected by a
15 cm hallway (Stoelting, Wood Dale, IL). Training was conducted
as previously described [38]. Briefly, female mice started
training 5 weeks after SNI surgery. On day 1, mice freely
explored the apparatus for 15 min. On days 2–5, mice received a
morning IP injection of PBS and, after 10min, were placed
in the dark chamber for 15 min. In the afternoon mice
received 10mg/kg IP injection of retigabine (#R-100, Alamone
Laboratory, Jerusalem, Israel) and, after 10min, were placed in the
bright chamber for 15 min. On day 6, mice were again
allowed to freely explore the chamber for 15 min. Mice were
video recorded on day 1 and 6 (pre- and post-conditioning) and
the change in time spent in the bright compartment was
quantified by EthoVision XT Software (Nodus Information Tech-
nology, Leesberg, VA).

1-Methyl-DL-tryptophan (1-MT) administration
One experiment used 1-MT (cat #860646, Sigma-Aldrich, St. Louis,
MO), a competitive inhibitor of IDO1 [39], to pharmacologically
block IDO1 activity. 1-MT was prepared daily at a 4× concentration
in 0.1 M HCL, neutralized with 0.1 M NaOH, diluted with PBS, and
filtered. Mice were subcutaneously injected with 5 mg 1-MT in
0.25mL 48 h, 24 h, and 30min prior to LPS treatment.

Statistical analysis
Statistical analyses were performed using GraphPad Prism 6.0 and
Statistical Package for Social Sciences version 22. Two-way
ANOVAs with between subjects genotype factor (WT vs Ido1−/−)

and within subjects (vehicle and LPS) or between subjects (control
or SNI) treatment factor were primarily used. When appropriate,
repeated measures ANOVAs, t-tests, or one-way ANOVAs were
used. Tukey post-hoc tests were conducted as necessary.
All data are presented as means ± standard error of the mean.
A p-value of ≤0.05 was considered statistically significant.

RESULTS
IDO1 mediates depression-like behavior in behavioral tests of
antidepressant activity
We began by confirming the necessity of IDO1 for inflammation-
induced depression-like behavior. To verify that sickness devel-
oped similarly in both genotypes and had resolved prior to
testing, we examined locomotor activity at 2 and 24 h post LPS. As
anticipated, both WT and Ido1−/− mice showed a similar sickness
response to 0.33mg/kg LPS, as indicated by a 50% reduction in
locomotor activity 2 h post injection that had resolved by 24 h
(Figure S3). In the FST, conducted immediately after the 24 h
locomotor assessment, LPS-treated WT mice displayed increased
immobility while Ido1−/− mice showed no LPS-induced increase in
immobility (genotype × treatment interaction, F(1,23)= 5.14, p <
0.05) (Fig. 1a). Further, WT mice, but not Ido1−/− mice, displayed a
sucrose preference deficit 36–48 h post LPS (genotype × treatment
interaction, F(1,23)= 4.71, p < 0.05) (Fig. 1b).
Next we tested FST and NSF following SNI. We demonstrated

that female SNI Ido1−/− mice are protected from SNI-induced FST
deficits (F(1,20)= 4.33, p= 0.05), as we previously demonstrated
in male mice [12]. We demonstrate for the first time that the SNI-
induced increased latency to eat in the NSF task is IDO1
dependent (F(1,20)= 7.53, p < 0.05) (Fig. 1c, d). These changes
were observed independently of changes in food consumption,
locomotor activity, or body weight (Figure S4).
These sets of experiments confirm that IDO1 is critical for

expression of inflammation-induced depression-like behavior in
behavioral tests of antidepressants.

Fig. 1 Inflammation-induced depression-like behavior on pharmacological tests of antidepressants requires IDO1. Male WT mice showed
enhanced immobility in the FST 24 h 0.33 mg/kg LPS (a) and suppressed sucrose preference 36–48 h post LPS (b), these effects were not
observed in Ido1−/− mice. n= 6–7 mice/group. Further, female WT mice showed enhanced immobility in the FST 6 weeks after SNI surgery (c)
and increased latency to feed in the NSF task (d), these effects were not observed in Ido1−/− mice. n= 6 mice/group. *p < 0.05
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Inflammation reduces reward expectancy independently
of IDO1
To evaluate inflammation-induced changes in reward expectancy,
we used a food-related anticipatory activity task. In response to a
restricted feeding schedule, mice display an increase in activity
immediately prior to food delivery. By comparing WT free feeding
and restricted mice we identified the time course for the
development of this anticipatory activity (Figure S5). Next, we
compared WT and Ido1−/− mice all subjected to food restriction.
As feeding access was ended at the time of LPS administration,
there was no difference in body weight between vehicle- and LPS-
treated mice in either experiment (Figure S6). Continuous home
cage running wheel data revealed that restricted feeding was
associated with the development of anticipatory activity in both
WT and Ido1−/− mice (Figure S7). In response to LPS, WT, and
Ido1−/− mice showed the same decrease in anticipatory activity
(Fig. 2a; main effect of LPS, F(1,21)= 9.94, p < 0.005). We
confirmed these findings by blocking IDO1 with 1-MT. As with
Ido1−/− mice, mice treated with 1-MT showed no protection from
LPS-induced reduction in anticipatory activity (Fig. 2b; main effect
of LPS, F(1,12)= 29.24, p < 0.001, no group by LPS interaction).
This confirms that IDO1 is not necessary for LPS-induced
reductions in reward expectancy.

Inflammation reduces willingness to work for reward
independently of IDO1
To evaluate the impact of inflammation on willingness to work for
reward, WT and Ido1−/− mice were trained on a progressive ratio
schedule for food reward. In this task, the amount of work (i.e.,
nose pokes) required for a single chocolate pellet is rapidly
increased to determine the maximum ratio for which an individual
was will work (i.e., the breakpoint). There was no difference in
body weight between vehicle and LPS treatment at the time of
testing (Figure S8). Mice treated with LPS had a lower breakpoint
at 24 and 48 h post treatment (significant effect of LPS, F(1,30)=
5.18, p < 0.05) (Fig. 3). This effect was observed in both WT and
Ido1−/− mice, with no significant effect of genotype nor genotype
by time or treatment interactions. This indicates that IDO1 is not
necessary for LPS-induced reduction in willingness to work for
reward.

Inflammation shifts effort allocation independently of IDO1
To evaluate inflammation-induced changes in effort allocation, we
tested Ido1−/− and WT mice in the concurrent choice task
following vehicle and LPS. In this task mice could choose between
nose poking on an FR1 schedule for a grain pellet or on an
FR10 schedule for a chocolate pellet. LPS decreased the total
number of responses in the same manner in both Ido1−/− and WT

mice (F(1,14)= 17.8, p < 0.001) (Fig. 4a).This effect was more
pronounced for their willingness to work for grain (F(1,14)= 118.3,
p < 0.001) than their willingness to work for chocolate (F(1,14)=
6.62, p < 0.05) despite the higher effort requirement (Fig. 4b, c).
Therefore, LPS resulted in a higher percent effort directed toward
chocolate pellets (F(1,14)= 14.4, p < 0.005) (Fig. 4d). The effects of
LPS on concurrent choice performance align with our previous
observations [34]. No main effects of genotype or treatment by
genotype interactions were observed.
Immediately prior to the 24 h post-LPS concurrent choice test,

we assessed anticipatory activity by measuring locomotor activity
in an open field. As would be anticipated based on the previously
reward expectancy experiment, LPS treatment reduced activity
prior to being given access to food rewards in the testing
apparatus (F(1,14)= 10.27, p < 0.01) (Figure S9). Neither the
preference nor the latency to begin eating the chocolate pellets
(Figure S10A and S10B) were significantly impacted by LPS
treatment nor genotype. After concurrent choice testing, mice
were returned to their home cage and provided ten chocolate and
ten grain pellets to assess chocolate preference in a no effort task.
All of the mice showed a continued interest in food when the
effort criteria was removed, which suggests that satiation was not
a performance limiting factor in the concurrent choice task
(Figure S10C). Further, as the mice were at a similar body weight
24 h after vehicle or LPS treatment (Figure S10D), post-sickness
hunger is unlikely to be a primary factor in driving the shift toward
increased chocolate preference. However, further testing with a
non-gustatory reward would be necessary to completely eliminate
this possibility.

Fig. 2 LPS attenuates restricted feeding-induced anticipatory activity independently of IDO1. Male mice exposed to a restricted feeding
schedule exhibit a suppression of locomotor in the 5min prior to feeding 24 h after treatment with LPS regardless of genotype (a). This
finding was confirmed using 1-MT, a competitive inhibitor of IDO1 (b). n= 6–7 mice/group. *p < 0.05

Fig. 3 LPS reduces total effort in a progressive ratio task
independently of IDO1. In response to 0.5 mg/kg LPS, male mice
showed a reduction in their progressive ratio breakpoint 24 and 48 h
post LPS, F(1,30)= 5.18, p < 0.05, regardless of genotype. WT and
Ido1−/− mice showed no significant differences in baseline
performance. n= 8–9 mice/group
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In summary, the data from this experiment confirm that LPS
shifts percent effort to the more highly preferred reward and that
IDO1 is not necessary for this shift in effort allocation.

Inflammation-induced reward learning does not require IDO1
To evaluate the contribution of IDO1 to reward learning, WT and
Ido1−/− mice were tested in a CPP paradigm in which the
development of a preference for a chamber paired with pain relief

was assessed. As this test requires a model of chronic pain, it was
performed on SNI mice. We verified that SNI induced evoked
mechanical sensitivity (i.e., von Frey test) and spontaneous pain
(i.e., weight bearing) and that pain behavior did not differ
between genotypes (Figure S11). As mice generally prefer dark
(Fig. 5a), the light chamber was paired with the analgesic
retigabine. After four pairings of the light chamber with retigabine
and the dark chamber with PBS, mice freely explored the

Fig. 4 LPS shift effort toward the preferred reward an effort-based decision making task independently of IDO1. In response to LPS both
WT and Ido1−/− male mice showed a significant reduction in total nose poke responses (a). While there was reduced responding for both
grain (b) and chocolate (c) pellets, the proportionally greater reduction for grain pellets lead to an increase in percent chocolate pellets earned
(d). n= 8 mice/group. *p < 0.05

Fig. 5 SNI mice learn to associate environmental cues with the reward of pain relief independently of IDO1. Prior to conditioning (baseline)
both sham and SNI female mice display a preference for the dark chamber (<50% time spent in the light chamber) (a). After repeated pairing
of the bright chamber with analgesia and the dark chamber with vehicle, both WT and Ido−/− SNI mice, but not Sham mice, developed a
preference for the bright chamber (b). n= 6 mice/group. *p < 0.05.
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apparatus in the absence of retigabine or PBS treatment.
Regardless of genotype, SNI mice spent significantly more time
in the light chamber (Fig. 5b), while sham treated mice showed no
increased preference for the light chamber. This indicates that
reward learning develops following SNI independent of IDO1.

DISCUSSION
Like other forms of depression, inflammation-induced depression
is a constellation of symptoms that are likely mediated by different
mechanisms. In the present experiments, we confirmed that the
effects of inflammation on behavioral tests of antidepressant
activity (e.g., FST and sucrose preference) are mediated by IDO1.
We also demonstrated that inflammation influenced multiple
components of RDoC positive valence systems including reward
expectancy, willingness to work for reward, and effort allocation.
Further, as Ido1−/− and WT mice showed no differences in any
motivational behavioral task under investigation, we conclude
that the effects of inflammation on alterations in positive valence
systems do not dependent upon activation of the IDO1-
kynurenine pathway. The present experiments were conducted
at a time in which IDO1 mediates performance in behavioral tests
of antidepressant activity [11–13, 20]. This indicates that
inflammation-induced motivational deficits are mechanistically
distinct from alterations measured by behavioral tests of
antidepressant activity.
In line with the literature [40, 41], our data show that

food-deprived mice develop anticipatory activity for a food
reward. Further, they demonstrate that inflammation decreases
reward expectancy. Prior work has demonstrated that inflamma-
tion decreases an individual’s willingness to exert effort at the
peak of inflammation-induced sickness [42, 43]. Our data
demonstrate that this also occurs at a time at which
sickness would have fully dissipated. Specifically, we demonstrate
that the progressive ratio task is impaired for at least 48 h post
LPS [20].
The effects observed in the anticipatory activity and progressive

ratio task could be explained as a reduced sensitivity to food
reward, a decrease in incentive motivation (i.e., the amount of
effort an individual will engage in to obtain a reward), or increased
fatigability. To determine which specific component of motivated
behavior is affected, we examined the effects of LPS on
performance in an effort-based decision making task that
contrasts high effort/high reward and low effort/low reward
modes of responding. LPS administration has already been shown
to shift effort allocation toward high effort/high reward conditions
in both mice and human subjects [34, 44]. In the present study, we
confirmed the results in mice and showed that Ido1−/− mice do
not differ from WT mice in response to LPS. In contrast to our
findings of a shift toward high effort/high reward, a shift from high
effort/high reward to low effort/low reward has been reported in
rats treated with IL-1β and IL-6 [42, 43]. These differences are likely
due to methodological differences in the task. Our behavioral
testing was conducted 24 h after LPS treatment, rather than 45 or
90min after administration of IL-6 and IL-1. Further, our task
required the same mode of response (nose poking) for both forms
of reward, others use free chow as the low effort/low reward
option. Whatever the case, our results confirm that the effects of
LPS on positively motivated behavior are not mediated by
decreased sensitivity to reward or increased fatigability, but rather
by a decrease in incentive motivation together with an increased
sensitivity to contrast. Further, these results demonstrate that
IDO1 does not mediate these effects.
Finally, the CPP paradigm allowed us to investigate motivational

processes involved in the selection of a specific behavior over
other possible behaviors depending on prior experience, which is
central to learning theory. The motivational effect of a rewarding
experience (i.e., relief from pain in chronically inflamed individuals)

was assessed by pairing the less preferred compartment of a two-
compartment chamber (conditioned stimuli) with the reward
(unconditioned stimulus). Formation of an association between
these stimuli resulted in the development of a preference for the
initially less preferred compartment. These findings indicate that
mice with chronic inflammatory pain learn a place preference
based on relief from pain and that this learning does not
dependent on IDO1.
The demonstration that IDO1 is not critical for inflammation-

induced motivational changes is important in that it reveals that
distinct neurobiological circuits underlie different components of
inflammation-induced depression-like behavior. In terms of
neurochemical mechanisms there is evidence that the dimension
of depression assessed by behavioral tests of antidepressant
activity is mediated by NMDA receptor activation due to IDO1-
induced formation of neurotoxic kynurenine metabolites [13].
However, our present findings show that this pathway does not
mediate motivational components of inflammation-induced
depression. Of note, the dissociation we observed in terms of
IDO1 dependency between the sucrose preference test and the
tests of motivated behavior used in the present experiments is
likely attributable to the consummatory versus the appetitive
dimension of the reward processes that is differentially involved in
these tests. Further research is clearly needed to explore this
possibility.
A likely candidate mechanism for the motivational effects of

inflammation is represented by alterations in dopaminergic
mesostriatal and mesolimbic pathways [8, 45, 46]. These
pathways modulate effort-related motivational behavior
assessed by the progressive ratio and concurrent choice tasks
[42, 43]. Inflammation is well known to have a profound impact on
dopaminergic neurotransmission. For example, injections
of LPS into the substantia nigra result in a severe loss of
dopamine neurons [47, 48]. Further, systemically administered LPS
has been shown to reduce the firing rate of dopamine
neurons in the ventral tegmental area [49] and increase the
activity of dopamine transporters [50]. Additionally, it has been
demonstrated that a local inflammatory insult (i.e., intraplantar
carrageenan) can decrease dopamine release in the insular cortex
[51]. The effects of inflammation on dopaminergic neurotransmis-
sion may be direct, such as through inflammation-induced
oxidative damage to dopaminergic neurons [52, 53], or indirect,
such as through inhibition of the orexinergic input to the
dopaminergic neuronal network [54, 55]. Further work is clearly
needed to evaluate this and other possible mechanisms of
inflammation-induced motivational deficits such that interven-
tions can be developed to address these distinct symptoms and,
thereby, allow for more personalized and complete depression
treatment.
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