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Aging Exacerbates Depressive-like Behavior in Mice in
Response to Activation of the Peripheral Innate Immune

System

Jonathan P Godbout', Maité Moreauz, Jacques Lestagez, Jing Chen3’4, Nathan L Sparkman“,
Jason O’ Connor**, Nathalie CastanonZ, Keith W Kelley3’4’5, Robert Dantzer>*° and Rodney W johnson*’“

'Department of Molecular Virology, Immunology and Medical Genetics, Institute for Behavioral Medicine, The Ohio State University, Columbus,
OH, USA; “Integrative Neurobiology, INRA-CNRS-University of Bordeaux 2, Bordeaux cedex, France; *Integrative Immunology and Behavior
Program, University of llinois, Urbana, IL, USA; *Department of Animal Sciences, University of lllinois, Urbana, I, USA and Department of
Pathology, University of lllinois, Urbana, IL, USA

Exposure to peripheral infections may be permissive to cognitive and behavioral complications in the elderly. We have reported that
peripheral stimulation of the innate immune system with lipopolysaccharide (LPS) causes an exaggerated neuroinflammatory response
and prolonged sickness behavior in aged BALB/c mice. Because LPS also causes depressive behavior, the purpose of this study was to
determine whether aging is associated with an exacerbated depressive-like response. We confirmed that LPS (0.33 mg/kg
intraperitoneal) induced a protracted sickness response in aged mice with reductions in locomotor and feeding activities 24 and 48 h
postinjection, when young adults had fully recovered. When submitted to the forced swim test 24 h post-LPS, both young adult and aged
mice exhibited an increased duration of immobility. However, when submitted to either the forced swim test or the tail suspension test
72h post-LPS, an increased duration of immobility was evident only in aged mice. This prolonged depressive-like behavior in aged LPS-
treated mice was associated with a more pronounced induction of peripheral and brain indoleamine 2,3-dioxygenase and a markedly
higher turnover rate of brain serotonin (as measured by the ratio of 5-hydroxy-indoleacetic acid over 5-hydroxyt-tryptamine) compared
to young adult mice at 24 post-LPS injection. These results provide the first evidence that age-associated reactivity of the brain cytokine

INTRODUCTION

Mounting evidence indicates that there is a causative
relationship between inflammation and depression (Raison
et al, 2006; Schiepers et al, 2005). The prevalence of
depression is higher in chronically infected patients (Maes
et al, 2001; Pollmacher et al, 2002), in patients with
inflammatory disease (eg coronary heart disease or
rheumatoid arthritis) (Glaser and Kiecolt-Glaser, 2005),
and in cancer patients undergoing interleukin (IL)-2 and/or
interferon-o. (IFNo) immunotherapy (Capuron et al, 2001)
than in the general population. Moreover, proinflammatory
cytokines including IL-6 and IL-18 were elevated in
the plasma or cerebrospinal fluid of depressed patients
(Anisman et al, 1999; Dentino et al, 1999; Levine et al, 1999;
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system could play a pathophysiological role in the increased prevalence of depression observed in the elderly.
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Sluzewska et al, 1995; Thomas et al, 2005) and these
heightened levels of cytokines were associated with the severity
of depression. This relationship between cytokines and
depression is particularly relevant to an older population that
has a high incidence of behavioral and cognitive complications
concomitant with proinflammatory conditions (Dentino et al,
1999; Glaser et al, 2003; Kiecolt-Glaser et al, 2003; Mulsant and
Ganguli, 1999; Penninx et al, 1999, 2003).

In animal models, situations that promote brain proin-
flammatory cytokine production (eg IL-1f, IL-6, or TNFux)
such as systemic lipopolysaccharide (LPS) challenge (Fre-
nois et al, 2007), chronic infection with Bacilli Calmette-
Guerin (BCG; Moreau et al, 2005), stroke (Craft and
DeVries, 2006), and psychological stress (Chourbaji et al,
2006), resulted in depressive-like behavior. In regard to
aging, we recently demonstrated that both peripheral and
central stimulation of the innate immune system with LPS
caused an exaggerated inflammatory cytokine response in
the brain of aged mice (Godbout et al, 2005; Huang et al,
2007). Therefore, excessive exposure to inflammatory
cytokines in the brain of aged may be permissive to the
onset of long-lasting depressive-like deficits.
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Serotonin (5-hydroxytryptamine or 5-HT) plays a pivotal
role in the regulation of mood (Mattson et al, 2004).
Reductions in 5-HT availability or alterations in serotoner-
gic transmission in the brain, including decreased 5-HT
levels (Lesch, 2001), increased 5-HT transporters (Stock-
meier, 2003), and genetic polymorphisms in the 5-HT
transporter promoter (Caspi et al, 2003) have been
associated with depressive symptoms in humans. Moreover,
several classes of antidepressants including selective serotonin
reuptake inhibitors and monoamine oxidase inhibitors are
used in the treatment of depression because they can
enhance 5-HT availability and augment 5-HT neurotrans-
mission through a myriad of purported mechanisms
including increased 5-HT sensitivity, increased expression
of 5-HT receptors, decreased 5-HT reuptake, and decreased
5-HT metabolism (Millan, 2006). Although it is generally
accepted that 5-HT-mediated processes are fundamental in
depressive etiology, a consensus regarding the specific 5-HT
receptor subtypes and 5-HT transporter alterations has not
been reached (Millan, 2006).

Proinflammatory cytokines can directly or indirectly alter
5-HT metabolism, which could be an important biochemical
connection between inflammation and depression. For
instance, peripheral injection of LPS or recombinant
cytokines (IL-1 or IL-6) increased brain levels of 5-HT
and its main metabolite, 5-hydroxyindoleacetic acid
(5-HIAA), in rodents (Dunn, 1992; Wang and Dunn, 1998,
1999; Zhang et al, 2001). Moreover, recent evidence showed
that inflammation can disrupt 5-HT metabolism by altering
the metabolism of tryptophan (TRP), the rate-limiting
amino acid in 5-HT synthesis (Capuron et al, 2003, 2002).
Proinflammatory cytokines including IFNy and tumor
necrosis factor-o. (TNFa) enhanced TRP catabolism through
the activation of indoleamine 2,3-dioxygenase (IDO; Capur-
on and Dantzer, 2003; Wichers and Maes, 2004). This
ubiquitous enzyme is expressed in many cell types
including perivascular macrophages, astrocytes, and micro-
glia of the CNS (Guillemin et al, 2005). In mice, BCG
infection caused a persistent activation of peripheral and
cerebral IDO, resulting in decreased TRP levels (Moreau
et al, 2005).

In addition to the impact of IDO on serotonergic
neurotransmission, active IDO increases several TRP-
derived neuroactive metabolites including kynurenine
(KYN) and quinolinic acid (Capuron and Dantzer, 2003).
These neuroactive metabolites can modulate glutamate
receptor activity (Behan et al, 1999; Chiarugi et al, 2001;
Okuda et al, 1998). In rodents, systemic immune activation
and ischemic brain injury was associated with increased
IDO-dependent catabolism of TRP, where elevated levels of
brain KYN and quinolinic acid were detected (Lestage et al,
2002; Saito et al, 1993a,b). Moreover, a recent study
demonstrated that LPS-induced depressive-like behavior
(ie increased immobility in the forced swim and tail
suspension tests (TSTs)) was mediated by a pathway
involving cytokine production and IDO-dependent catabo-
lism of TRP into KYN (O’Connor et al, 2007). These results
showed that adult mice pretreated with the IDO antagonist,
1-methyl-tryptophan, did not exhibit depressive-like beha-
vior in response to LPS and that peripheral administration
of KYN, in nonimmune-stimulated mice, mimicked the
depressive-like effects of LPS (O’Connor et al, 2007). Taken
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together, activation of inflammatory pathways may ulti-
mately increase the risk for depression by impacting both
brain serotonergic and glutamatergic neurotransmission.

Our experiments were carried out to test the hypothesis
that hypersensitivity to immune activation in the aged
causes long-lasting behavioral complications. We show that
aged mice exhibit depressive-like behavior following
recovery from LPS-induced sickness, even after the acute
effects of LPS have been resolved. Furthermore, aging is
associated with increased brain IDO activity and 5-HT
turnover in response to LPS. These findings support our
hypothesis that reactivity of the brain cytokine system in
aged individuals might mediate the higher prevalence of
mood disorders in this population.

MATERIALS AND METHODS
Animals

Young adult (3- to 6-month-old) and aged (20- to 24-
month-old) male BALB/c mice from our in-house specific
pathogen-free colony were used. Mice were individually
housed in polypropylene cages and maintained at 21°C
under a reverse phase 12h light/dark cycle with ad libitum
access to water and rodent chow. At the end of each study,
mice were examined postmortem for gross signs of disease
(eg splenomeglia or tumors). Data from mice determined to
be unhealthy were excluded (less than 5% of all experi-
mental animals). All procedures were approved by the
campus Institutional Animal Care and Use Committee.

Behavior

Locomotor activity and forced swimming were measured as
previously described (Godbout et al, 2005; Porsolt, 2000). In
brief, mice were handled 2 min each day for 7 days before
experimentation to acclimate them to routine handling.
Tests were conducted during the dark phase (between 0800
and 1700 hours) of the photoperiod under infrared lighting
to facilitate video recording.

Locomotor activity. Mice were maintained in their home
cage, which provided a floor area of 26 x 20 cm, and locomotor
activity was video-recorded during 3min tests. On the video
records, cages were divided into six identical rectangles and a
trained observer who was blind to experimental treatments
determined the number of line crossings.

Forced swimming. The forced swim test (FST) was initiated
by placing mice in a inescapable cylinder (diameter 16 cm,
height 30 cm) containing 15 cm of water maintained at 25°C
(Lira et al, 2003). Forced swimming was video-recorded for
5min. When placed into the cylinder, mice immediately
started swimming and climbing along the walls in attempts
to escape. Immobility occurred more or less rapidly and was
defined as motionless floating in the water with minimum
movements. The duration of swimming, climbing, and
immobility was determined by a trained observer who was
blind to the experimental treatments.

Tail suspension. The TST was initiated by securing mice by
the tail using adhesive tape positioned about 2.5cm from



the tail tip. Mice were suspended individually for 10 min
and the duration of immobility was determined using an
automated TST apparatus (Mouse Tail Suspension Package,
MED-TSS-MS, Med Associates Inc., St Albans, VT). The
testing apparatus consisted of 32 x 33 x 33 cm box with an
open front side to allow visual observation during the test.
An 11 cm vertical aluminum hook was attached to a strain
gauge and suspended from the top of the box to detect any
movement by the test mouse. Mice were determined
immobile when the force of the mouse’s movements
(measure in voltage) was below a preset threshold. The
optimum threshold was determined during a preliminary
study and corresponds only to the time in which mice were
making no active movement. The following settings
were used for this experiment: threshold = 3, gain =4, and
resolution = 10 ms.

Real-Time PCR

Total RNA was isolated from brain using the Tri Reagent
protocol (Sigma, St Louis, MO). RNA samples were
subjected to a DNase I digestion procedure and then
reverse transcribed to cDNA using an RT RETROscript kit
(Ambion, Austin, TX). Quantitative real-time PCR was
performed using the Applied Biosystems (Foster, CA)
assay-on demand gene expression protocol as previously
described (Godbout et al, 2005). In brief, cDNA was amplified
by PCR where a target cDNA (IDO, Mm00492586_m1) and a
reference cDNA (glyceraldehyde-3-phosphate dehydrogen-
ase, Mm99999915_g1) were amplified simultaneously using
an oligonucleotide probe with a 5" fluorescent reporter dye
(6-FAM) and a 3’ quencher dye (NFQ). Fluorescence was
determined on an ABI PRISM 7700 sequence detection
system (PerkinElmer, Forest City, CA). All samples used for
qPCR were run in duplicate. Data were analyzed using the
comparative threshold cycle (C,) method and results are
expressed as fold difference (Livak and Schmittgen, 2001).

IDO Activity

IDO activity was measured as previously described (Lestage
et al, 2002). In brief, whole brains were homogenized in ice-
cold 20 mM phosphate buffered saline (pH 7.0) containing
protease inhibitors (Sigma). Clarified cell lysates were
incubated under agitation with 50 mM potassium phosphate
buffer (pH 6.5), 0.4 mM TRP, 20 mM ascorbic acid, 10 pM
methylene blue, and 100 pg/ml catalase for 3h at 37°C. The
reactions were blocked by adding 30% trichloroacetic acid
(TCA) and then incubated for 30 min at 50°C to covert N-
formyl-kynurenine to r-kynurenine (L-KYN). After centri-
fugation (13000g¢ for 10min at 4°C) and ultrafiltration
(cutoff, 10000 M,) the amount of L-KYN produced from
TRP was determined by reverse phase HPLC. Reaction
product was injected into a 5um C;g3 RP-HPLC column
(Lichrospher, Alltech) with a flow rate of 1 ml/min using a
mobile phase of 0.1 M ammonium acetate/acetic acid buffer
and 5% acetonitrile (pH 4.65). KYN was detected by UV
absorbency at 360 nm and concentration was determined
comparison with known KYN standards. One unit of
activity was defined as 1 nmol KYN per h per mg of protein
at 37°C. Protein was determined by the bicinchoninic acid
method.
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5-HT and 5-HIAA Measurement

5-HT and 5-HIAA were measured in whole-brain homo-
genates. In brief, brains were homogenized in 20 mM
phosphate buffered saline (pH 7.0) containing protease
inhibitors (Sigma). After protein precipitation with TCA
and centrifugation (13000¢ for 15min at 4°C), 20ul
supernatants were injected into an RP-HPLC system
equipped with a Coulochem II electrochemical detector at
flow rate of 1 ml/min (1400-1500 p.s.i.). 5-HT and 5-HIAA
were separated on a C;3 RP-HPLC column using a mobile
phase of 0.1 M ammonium acetate (pH 4.65) containing 5%
acetonitrile. 5-HT and 5-HIAA concentrations were deter-
mined in samples by comparison of the retention time and
peak areas with known standards.

Tryptophan and Kynurenine Measurement

Tryptophan and KYN were measured as previously
described (Moreau et al, 2005). For brain TRP, whole
brains were homogenized in phosphate buffered saline (pH
7.0). Brain homogenates were precipitated with 2mM of
TCA and clarified by centrifugation (13 000g for 10 min at
4°C). Supernatants were analyzed by HPLC using the
protocol for IDO activity (described above). Levels of TRP
were detected by fluorescence detector at 285 nm excitation
and 360 nm emission wavelengths and concentration was
determined in comparison with known TRP standards.
Plasma levels of TRP and KYN were measured using the
same techniques in plasma samples taken 24 and 72 h post-
LPS. Plasma KYN to TRP was calculated by dividing KYN
concentration (nmol/l) by TRP concentration (pmol/l)
(Wirleitner et al, 2003).

Plasma IL-6 Measurement

IL-6 was measured in the plasma as previously described
(Godbout et al, 2004). In brief, mice were anesthetized by
CO, inhalation and blood was collected by cardiac puncture
into EDTA-coated syringes. Samples were centrifuged
(4000g for 15min at 4°C) and plasma was collected and
stored frozen (—80°C). Plasma samples were assayed for IL-
6 using a customized ELISA that we have described in detail
(Godbout et al, 2004). All plasma samples for ELISA were
run in duplicate. Assays were sensitive to 8 pg/ml of IL-6,
and inter- and intraassay coefficients of variation were less
than 10%.

Experimental Protocols

For all studies, young adult and aged mice were injected
intraperitoneally (i.p.) with saline or Escherichia coli LPS
(0.33 mg/kg; serotype 0127:B8, Sigma). This LPS dosage was
used because it elicits a proinflammatory cytokine response
in the brain resulting in mild transient sickness behavior in
adult mice (Berg et al, 2004; Godbout et al, 2005). In the
first study, locomotor activity, food intake, and body weight
were measured 0, 24, 48, and 72 h after injection of saline or
LPS (n=9). In separate but identical studies, depressive-
like behavior was assessed either 24 or 72h postinjection.
After completion of behavioral testing, mice were killed by
CO, asphyxiation and brain samples were collected and
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assayed for IDO activity (n=6). Plasma was also collected
and stored frozen (—80°C) until assaying. In a subsequent
study, young adult and aged mice were injected i.p. with
saline or LPS and 4 or 24h later mice were killed, brains
were removed and stored in an RNA preservative solution
(—80°C). Total RNA was later isolated from brain samples
for real-time PCR (n=6). In a final study, young adult and
aged mice were injected i.p. with saline or LPS and 24 h later
mice were killed and brains were removed, and stored
frozen (—80°C) until assaying for IDO activity, 5-HT,
5-HIAA, and TRP (n=6). Plasma was also collected and
stored frozen (—80°C) until assaying.

Statistical Analysis

All data were analyzed using Statistical Analysis Systems
(SAS) general linear model procedures. Data were subjected
to two- (age x treatment) or three-way (age X treatment X
time) analysis of variance to determine significant
main effects as well as interactions between main factors.
When appropriate, differences between treatment means
were evaluated by protected t-tests using the LSD proce-
dure of SAS. All data are expressed as the treatment
means + SEM.

RESULTS

Aging Prolongs LPS-Induced Behavioral Deficits and
Depressive-Like Behavior

We had previously shown that peripheral stimulation of the
innate immune system with LPS caused an exaggerated
proinflammatory cytokine response in the brain of aged
mice compared to young adult cohorts. In that study,
behavioral symptoms of sickness were similar in young
adult and aged mice shortly after injection of LPS, but the
exaggerated proinflammatory response in the brain of aged
mice substantially delayed recovery of normal behavioral
activities (Godbout et al, 2005). To control for any
confounding effect of lethargy on performance in the FST
it was desirable to test animals at a time before and after
complete recovery of normal activities. To ascertain when
behavior of young adult and aged mice returned to baseline
following peripheral LPS injection, locomotor activity, food
intake, and body weight were measured before i.p. injection
of LPS and 24, 48, and 72h later (Figure 1). There was a
significant main effect of Age (P<0.001, for each) and LPS
(P<0.001, for each), and a significant Age x LPS interaction
for locomotor activity (LA), food intake (FI), and body
weight (BW) (LA: F(3,35)=6.53, P<0.01; FI: F(3,35)=
4.28, P<0.05; BW: F(3, 35), 14.9, P<0.001). These data are
consistent with our previous work that showed older mice
were more sensitive to the sickness-inducing effects of LPS
(Godbout et al, 2005). Young adult mice returned to normal
locomotor activity 48h after LPS injection, but locomotor
activity of aged mice was still markedly reduced (P<0.01).
By 72 h, however, both age groups had returned to normal
locomotor activity.

A similar pattern of delayed recovery of aged mice from
LPS was apparent in food intake (Figure 1b). Similar to
locomotor activity, food intake of adult and aged mice
decreased immediately after LPS injection. Whereas young
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adults returned to control levels by 48 h, aged mice did not
resume eating until 72h postinjection (P<0.01). Finally,
LPS reduced body weight of young adult and aged mice 24 h
after injection but weight loss was more pronounced in aged
mice (P<0.001). Furthermore, while young adults injected
with LPS returned to near preinjection body weight by 72h
(P =0.09), aged mice did not (P<0.001). Collectively, these
findings indicate that aged mice had a delayed recovery to
LPS-induced sickness behavior, which is consistent with our
previous results (Godbout et al, 2005).

To determine if aging also influenced LPS-induced
depressive-like behavior, young adult and aged mice were
subjected to either the FST (Figure 2a and b) or the TST
(Figure 2c). Depressive-like behavior was measured 24h
after peripheral LPS challenge when both young adult and
aged mice exhibited overt signs of illness and at 72h when
both age groups had normal food intake and locomotor
behavior (Figure 1). At 24h the duration of immobility in
the force swim test increased due to LPS (F(1,35)=28.3,
P<0.001), but not Age (P=0.35). Young adult and aged
mice given LPS spent a similar amount of time immobile
(Figure 2a). At 72h, however, only aged mice given LPS
spent markedly more time immobile in the FST than mice
from the other three treatment groups, as revealed by
the significant Age x LPS interaction (F(1,55)=12.25,
P<0.001; Figure 2b). There was no detectable difference
in time spent swimming or climbing between young adult
and aged saline controls.

To confirm these findings at 72 h, a second group of mice
were subjected to a TST (n=26). Parallel with the results
from the FST 72h postinjection, aged mice receiving LPS
spent more time immobile in the TST than young
adults receiving LPS (LPS x Age interaction: F(1,23)=4.5,
P <0.04; Figure 2c). Taken together, these data indicate that
both young adult and aged mice exhibit depressive like-
behavior when their innate immune system is stimulated
with LPS (24 h; Figure 2a), but only the aged mice continue
to exhibit depressive-like behavior 72h post-LPS injection
(Figure 2b and c).

Increased Tryptophan Metabolism at the Periphery in
Aged Mice in Response to Peripheral LPS

As expected, LPS increased the KYN to TRP ratio in the
plasma of young adult and aged mice 24h posttreatment
(LPS factor: F(1,23)=26.0, P<0.01; Figure 3). However,
this effect was more pronounced in aged than in young
adult mice (Age x LPS interaction: F(1,23) =9.60, P<0.05).
This increased peripheral metabolism of TRP was not
associated with any significant decrease in plasma levels of
TRP and was mostly due to variations in KYN concentra-
tions. The effects of LPS on TRP metabolism were no longer
observed 72h post-LPS (data not shown).

Increased IDO Expression and Activity in Brain of Aged
Mice in Response to Peripheral LPS

To begin to investigate why LPS-induced depressive-like
behavior was extended in aged mice, brain IDO mRNA
levels in young adult and aged mice after peripheral
injection of LPS were determined (Figure 4). Brain IDO
mRNA was undetectable in saline-treated mice. Brain
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Aging prolonged lipopolysaccharide (LPS)-induced deficits in locomotor activity, food intake, and body weight. Young adult and aged mice were

injected i.p. with either saline or LPS and (a) locomotor activity, (b) food intake, and (c) body weight were measured at 0, 24, 48, and 72 h after LPS. Bars
represent the mean + SEM (n=9). Means with different letters (a, b, ¢, or d) are significantly different (P<0.05) from each other. Bars denoted with the
same letter (ie a) are equal to other bars denoted with the same letter (a) and are significantly different from bars denoted with different letters: (b), (c), or
(d). Moreover, bars denoted with multiple letters (ie a, b) are significantly different only from bars denoted with a single different letter (c) and (d).

IDO mRNA levels were markedly elevated in LPS-treated
mice (F(1,23)=8.91, P<0.01; Figure 4a) 4 h after injection,
irrespective of age. Analysis of brain IDO mRNA levels 24 h
after injection revealed a significant Age x LPS interaction
(F(1,23) =8.52, P<0.01). The steady-state level of brain
IDO mRNA was 15-fold higher in aged mice receiving LPS
than in young adults receiving LPS. Thus, consistent with
what was observed in the forced swim test, LPS increased
steady-state levels of brain IDO mRNA in young adult and
aged mice, but the levels remained elevated longer in aged
mice than in young adults.

To determine if the increases in IDO mRNA after LPS
were paralleled by increased IDO activity, brain homo-
genates from young adult and aged mice were assayed for
IDO enzymatic activity. IDO activity was measured in the
brain 24h after LPS (Figure 5). Analysis of IDO activity
revealed a significant main effect of Age (F(1,23)=9.21,
P<0.007) and an Age x LPS interaction (F(1,23)=6.5,
P<0.01). Whereas IDO activity in young adult brain was
not affected by LPS 24h after injection, it was markedly
increased in brains of aged mice (P<0.01). Taken together,
these results indicate that aging prolonged the increases in
brain IDO mRNA expression and activity when the
peripheral innate immune system was activated.

Serotonin Turnover is Enhanced in Brain of Aged Mice
in Response to Peripheral LPS

To determine if the LPS-induced increase in IDO activity in
aged brain was associated with increased 5-HT turnover,

levels of 5-HT, 5-HIAA, and TRP were measured in brains
of young adult and aged mice 24 h after injection of saline or
LPS (Figure 6a). On the one hand, 5-HT concentration was
higher in brains of aged mice compared to young adults
(F(1,23)=7.30, P<0.05), and LPS increased 5-HT
(F(1,23) =25, P<0.001) irrespective of age (Age x LPS,
P=0.4). On the other hand, 5-HIAA concentration was
higher in brains of aged mice compared to young adults
(F(1,23) =148, P<0.001), and LPS increased 5-HIAA
in both age groups (F(1,23)=127, P<0.001), but the
LPS-induced increase was much greater in aged brains
than in brains of young adults (Age x LPS interaction:
F(1,23) =19.46, P<0.001). TRP was higher in brains of
aged mice compared to young adults (F(1,23)=38.78,
P<0.001) and LPS increased brain TRP levels in aged mice
but not young adults (Age x LPS: F(1,23) =10.7, P<0.05).
The LPS-stimulated increase in brain 5-HT and metabolites
is consistent with previous studies (Dunn, 1992). Moreover,
these results indicated that LPS enhanced the synthesis and
the degradation of 5-HT in the brain of aged mice.
Therefore, 5-HT turnover rate was assessed by the ratio of
5-HIAA to 5-HT (Figure 6b). Analysis revealed a significant
main effect of LPS (F(1,23)=32.31, P<0.001), Age
(F(1,23) =65.85, P<0.001), and an Age x LPS interaction
(F(1,23)=11.36, P<0.01). 5-HT turnover was higher in
brains of aged mice than young adults, and activation of
the peripheral innate immune system by LPS increased
turnover in the brains of both young adult and aged mice,
but the turnover was substantially accelerated in the aged
brain.
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Figure 2 Depressive-like behavior was prolonged in aged mice 72 h following peripheral lipopolysaccharide (LPS) injection. Young adult and aged mice
were injected ip. with either saline or LPS and exposed to the forced swim test (a) 24 or (b) 72h later. Bars represent the mean + SEM duration of
immobility (n=28 at 24h and n= 14 at 72h). In (a) and (b), means with different letters (a or b) are significantly different (P<0.05) from each other.
(c) Young adult and aged mice were injected i.p. with either saline or LPS and exposed to the tail suspension test 72 h later. Bars represent the mean £ SEM
duration of immobility (n =6). Means with different letters (a or b) are significantly different (P<0.05) from each other.
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Figure 3 Increased tryptophan (TRP) metabolism in the plasma of aged
mice in response to peripheral lipopolysaccharide (LPS) injection. (a) Young
adult and aged mice were injected i.p. with either saline or LPS and TRP
and kynurenine (KYN) were measured in plasma collected 24 h later. The
table represents the mean = SEM (n=6). Means with different letters
(a or b) are significantly different (P <0.05) from each other. (b) Metabolism of
TRP as measured by the ratio of KYN to TRP. Bars represent mean + SEM
(n=6). Means with (*) are significantly different (P<0.05).

Plasma IL-6 is Elevated in Aged Mice 24 h After
Peripheral LPS

We previously showed that IL-6 mRNA expression and
protein production in the aged mouse brain remains
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significantly elevated 24h after peripheral LPS injection
(Godbout et al, 2005). Because increased plasma IL-6
was associated with increased depressive symptoms in
older individuals, levels of plasma IL-6 were determined
(Figure 7). Plasma IL-6 concentrations were dramatically
higher in aged mice than in young adults (F(1,23)=5.94,
P<0.02) 24h after LPS injection. IL-6 was also assayed in
plasma obtained 72 h after LPS injection, but no appreciable
levels of IL-6 were detected (data not shown).

DISCUSSION

Because aging is associated with reactivity of the brain
cytokine system to the effects of peripheral activation of the
innate immune system (Barrientos et al, 2006; Godbout
et al, 2005) and stimulation of the immune system can
precipitate the occurrence of depression (Capuron et al,
2003, 2002; Glaser et al, 2003), we investigated whether
aging was also associated with a higher sensitivity to the
depressive-like behavioral effects of a peripheral stimula-
tion of the innate immune system and the mechanisms
responsible for this increased sensitivity. As anticipated,
aged mice were more sensitive to the sickness-inducing
effects of i.p. LPS challenge. In response to LPS, aged mice
were anorexic longer, lost more body weight, and showed
deficits in locomotor activity up to 48h posttreatment.
Both aged and young adult mice exhibited depressive-like
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Figure 4 Increased indoleamine 2,3-dioxygenase (IDO) mRNA expres-
sion in brain of aged mice after peripheral lipopolysaccharide (LPS)
injection. Young adult and aged mice were injected i.p. with either saline or
LPS and IDO mRNA was measured by real-time RT-PCR in whole brain
collected at (a) 4 or (b) 24 h later. Bars represent the mean = SEM (n = 6).
Means with (*) are significantly different (P<0.05).
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Figure 5 Elevated indoleamine 2,3-dioxygenase (IDO) enzymatic activity
in brain of aged mice in response to peripheral lipopolysaccharide (LPS)
injection. Young adult and aged mice were injected i.p. with either saline or
LPS and IDO activity was measured in whole brain collected 24 h later. Bars
represent the mean £ SEM (n = 6). Means with (¥) are significantly different
(P<0.05).

behavior 24h after LPS challenge when clinical signs of
illness were still evident. The most important finding,
however, was that aged mice displayed longer durations
of immobility in the FST and TST even after the sickness-
inducing effects of LPS had dissipated. Aged mice also
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Figure 6 Increased serotonin (5-HT) tumover in the brain of aged mice
in response to peripheral lipopolysaccharide (LPS) injection. (a) Young
adult and aged mice were injected i.p. with either saline or LPS and 5-HT,
5-hydroxyindoleacetic acid (5-HIAA), and tryptophan (TRP) were
measured in whole brain collected 24h later. The table represents the
mean + SEM (n = 6). Means with different letters (a, b, or c) are significantly
different (P<0.05) from each other. (b) Turnover rate of brain 5-HT as
measured by the ratio of 5-HIAA to 5-HT. Bars represent mean + SEM
(n=6). Means with different letters (a, b, or c) are significantly different
(P<0.05) from each other.
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Figure 7 Elevated interleukin (IL)-6 in the plasma of aged mice in
response to peripheral lipopolysaccharide (LPS) injection. Young adult and
aged mice were injected ip. with either saline or LPS and IL-6 was
measured in plasma collected 24 h later. Bars represent the mean + SEM
(n=6). There was no detectable IL-6 (n.d.) in the plasma of saline-treated
mice. Means with (*) are significantly different (P <0.05).

responded to LPS with a higher degradation of TRP at the
periphery, a higher increase in brain IDO expression and
activity, and a higher increase in brain 5-HT turnover.
These effects of LPS were associated with a higher
proinflammatory status, as measured by circulating levels
of IL-6.

Our results indicate that aged mice injected with LPS
displayed an increased duration of immobility in both the
FST and the TST after other behavioral signs of illness
waned (ie 72h). This finding is consistent with our
hypothesis that aging is associated with an increased risk
of depression (Godbout and Johnson, 2006). It is important
to note that adults exhibited similar depressive-like
behavior at 24h (Figure 2a). Thus, the effects of old age
on LPS-induced depressive-like behavior appear to be
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Figure 8 Proposed mechanism for the depressive-like effects of
lipopolysaccharide (LPS) in the aged. In the aged, peripheral immune
activation by LPS results in an exaggerated production of proinflammatory
cytokines including interleukin (IL)-15 (IL-1p), interferon-y (IFNYy), and IL-6
in the brain. These inflammatory cytokines induce the transcription and
enzymatic activity of indoleamine 2,3-dioxygenase (IDO). IDO diverts
tryptophan (TRP) from synthesis of 5-hydroxytryptophan (5-HTP) and
5-hydroxytryptamine (5-HT) to the generation of TRP metabolites including
kynurenine and quinolinic acid that act on glutamate receptors. This impacts
both serotonergic and glutamatergic neurotransmission. The disruption in
5-HT metabolism may lead to a higher turnover of 5-HT with a reduction
in 5-HT synthesis and increase in 5-HT degradation by monoamine oxidase
(MAO) to 5-hydroxyindoleacetic acid (5-HIAA). The inflammatory-
associated imbalance between serotonergic and glutamatergic neurotrans-
mission ultimately causes protracted depressive-like behavior in the aged.

neurotransmission

Depressive-like
Behavior

related to rate of recovery, which is consistent with our
previous findings on sickness behavior (Godbout et al,
2005).

A potential limitation, however, is that we determined
depressive-like behavior using only the FST and the TST
(Anisman and Matheson, 2005; Dunn et al, 2005). We used
these tests because they are based upon the premise that
depressive behaviors in mice are associated with resignation
and helplessness (Porsolt, 2000). Both behavioral tests
provide a strong motivating factor, water in the FST and
hanging upside down in TST, for mice to actively attempt to
escape. The behavioral results shown in Figure 2 indicate
that aged mice treated with LPS are more prone to resign
instead of trying to find an escape compared with all other
treatments. Moreover, LPS-treated aged mice display longer
durations of immobility (ie 72 h; Figure 2b and c) even after
the sickness-inducing effects of LPS, reduced locomotor
activity and food intake, had dissipated (Figure la and b).
The distinction between sickness and depression is
important because the behavioral symptoms of sickness
may confound the results of the FST (Dunn and Swiergiel,
2005). Another potential confound of our behavioral testing
is that aged mice treated with LPS may fatigue more rapidly.
To control for this possible bias, time spent immobile in
the FST was analyzed as the first 2.5 vs the second 2.5 min.
Aged mice injected with LPS spent more time immobile
independent of the period of test (data not shown). These
data are interpreted to indicate that aged mice treated with
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LPS showed resignation as opposed to a general increase in
lethargy and fatigue. Taken together, the FST and the TST
are useful in determining depressive-like behavior, but we
acknowledge that other measures of depressive-like beha-
vior, such as decreased preference for a sweetened solution
(anhedonia), could be used in the future to extend our
initial findings.

Previous reports showed that immune activation, by
peripheral LPS or BCG challenges, increased IDO activation
in the brain and periphery of adult mice (Lestage et al, 2002;
Moreau et al, 2005). In the present study, LPS injection
increased IDO mRNA levels independent of age at 4h
postinjection, but the increase in IDO mRNA and activation
persisted longer in the brain of aged mice (Figures 4 and 5).
Because IDO is expressed in cells of the macrophage lineage,
even in the brain (Guillemin et al, 2005; Heyes et al, 1997), a
higher expression of IDO in aged mice following peripheral
immune activation is consistent with the more reactive
phenotype of macrophage-like cells and microglia in
the aged brain (Frank et al, 2006; Godbout et al, 2005;
Perry et al, 1993; Sheffield and Berman, 1998; Streit and
Sparks, 1997).

Although there were significant Age x LPS increases in
IDO activation and peripheral TRP metabolism at 24h
postinjection, these changes were not detected at 72h when
depressive behavior was still evident in aged mice. We have
interpreted these data to indicate that increased IDO
activation was a forerunner to depressive behavior. In
support of this notion, LPS-treated young adult mice
exhibited depressive-like behavior at 24h (Figure 2a) even
though there were no significant changes in either brain
IDO mRNA levels or IDO enzymatic activity (Figure 4b and
Figure 5). The increased expression of IDO in the brain was
rapid since LPS increased IDO mRNA within 4 h, but basal
levels of IDO returned by 24h later in young adult mice
(Figure 4). A similar event occurs in aged mice that still
showed depressive-like behavior at 72 h post-LPS (Figure 2b
and c) despite IDO mRNA and enzymatic activities have
normalized by that time. Therefore, the IDO activation
response was extended in LPS-treated aged mice, but still
paralleled the IDO induction and depressive behavior
observed in adult mice. It is important to note that
parallelism between behavioral changes and biochemical
events can occur only when the corresponding techniques
have the same sensitivity. In most cases, however,
behavioral techniques are much more sensitive than
biochemistry techniques especially when these techniques
are applied to the whole brain. It is also important to
mention that there was an overlap between the biochemistry
and behavior in aged mice 24h post-LPS challenge. LPS
promoted depressive-like behavior in aged mice that was
evident at 24h (Figure 2a) and corresponded with the
biochemical changes at the same time, including higher IDO
activation and 5-HT turnover in brain (Figures 5 and 6) as
well as higher plasma KYN and IL-6 levels (Figures 3 and 7).
A limitation of this correlation, however, is that at 24
postinjection LPS-treated aged mice still showed symptoms
associated with sickness (ie lethargy and decreased food
intake; Figure la and b). Thus, because IDO activity was
protracted in the aged brain, this in turn, extended
depressive behavior, even to a point where depressive
behavior could be differentiated from sickness behavior.



Because IDO remained active in the aged brain 24 h post-
LPS injection, we expected TRP levels to be reduced at this
time. This, however, was not the case. One explanation is
the low-grade inflammation that is associated with aging
(Godbout et al, 2005; Lee et al, 1999, 2000; Richwine et al,
2005; Ye and Johnson, 1999). Proinflammatory cytokines
degrade proteins and increase the production of positive
acute-phase proteins to the detriment of negative acute-
phase protein such as albumin, which should result in an
increase in free TRP. The results on the metabolism of TRP
at the periphery, as measured by circulating levels of KYN
and TRP, follow in the same direction (Figure 3). In the
present experiment the fact that TRP levels remained stable
whereas KYN levels increased points to an increased
bioavailability of TRP for IDO.

The incongruence between IDO activity and TRP and
5-HT levels may also be explained by the fact that TRP, 5-HT,
and 5-HIAA were measured in whole-brain rather than in
discrete brain structures. The effects of LPS on 5-HT and
TRP metabolism are likely to vary across brain regions (eg
prefrontal cortex, hippocampus, and brainstem). In this
study, to determine both IDO activation and 5-HT
metabolism in the same samples, whole-brain analyses were
required. The whole-brain analysis is justified by the fact
that the brain cytokine system is diffused rather than
spatially localized in the brain since its cellular basis is
represented by perivascular macrophages and parenchymal
microglia (Perry et al, 2007). Future studies are necessary to
determine the effects of LPS and aging on TRP and 5-HT
metabolism, as well as 5-HT receptor subtypes, in discrete
brain regions relevant to depression.

Increased brain 5-HT turnover in response to LPS has
already been described (Dunn, 1992). The present study
showed for the first time that these effects are more
exaggerated in aged compared to young adult mice
(Figure 6). Proinflammatory cytokines including IL-6
increased 5-HT, 5-HIAA, and TRP levels in the brain
(Wang and Dunn, 1998). Although these changes were
short-lived, it is possible that they are longer lasting in aged
mice because proinflammatory cytokines induced by LPS
remain significantly elevated in aged mice even 24h after
peripheral LPS injection. This was not only true at the
periphery (Figure 7), but also in the brain since LPS-treated
aged mice had higher levels of brain IL-6 24 h post-LPS than
young adults (Godbout et al, 2005). Thus, prolonged IL-6
exposure may increase 5-HT turnover (Dunn et al, 2005).
Our findings support this notion because the ratio of 5-
HIAA to 5-HT was dramatically increased in aged mice 24 h
post-LPS treatment (Figure 6b). Based on a marked increase
in the ratio of 5-HIAA to 5-HT, we predict there will be
reduction in 5-HT levels that will be both time and brain
region dependent. Taken together, cytokine-associated
disruption in 5-HT metabolism may not only underlie
depressive behavior in our murine model, but also explain
the inflammatory-related behavioral complications that
occur in older individuals.

Whatever be the attractiveness of this hypothesis, the
present experiments do not allow to determine whether the
enhanced depressive-like behavior displayed by LPS-treated
mice was due to the higher impact of LPS on serotonergic
neurotransmission or to some other mechanism. Figure 8
summarizes the multiple pathways via peripheral immune
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stimuli may induce depressive-like behavior. Besides the
direct effect of IDO activation on 5-HT synthesis from TRP,
degradation of TRP by IDO results in the formation of
neuroactive metabolites that act as antagonists (KYN) or
agonists (quinolinic acid and 3-OH-kynurenine) of the
NMDA receptor. These compounds can increase oxidative
stress (Okuda et al, 1998) and overstimulate NMDA
receptors (Behan et al, 1999; Chiarugi et al, 2001), both of
which have potential deleterious effects on mental health
(Wichers and Maes, 2004). The notion that these TRP
metabolites play a pivotal role in LPS-induced depression
behavior is corroborated by a recent study that used either
minocycline, a tetracycline antibiotic with potent antiin-
flammatory activity, or 1-methyl-tryptophan, a specific
competitive antagonist of IDO, to block LPS-induced
activation of IDO. This report demonstrated that LPS-
induced depressive-like behavior in adult mice was
mediated by LPS-induced expression of proinflammatory
cytokines and IDO-dependent catabolism of TRP into
L-KYN (O’Connor et al, 2007).

In conclusion, the results of the present study show that
the neurochemical and behavioral consequences of acute
peripheral immune stimulation persist longer in aged mice
than in young adults. These findings are important because
a protracted neuroinflammatory response in the aged may
promote depression. Although it still remains to be
determined whether the same applies to chronic stimulation
of the innate immune system, it is clear that pharmacolo-
gical strategies aimed at decreasing neuroinflammation
associated with infection could be important for improving
recovery from sickness and reducing behavioral complica-
tions in the elderly.
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