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Abstract
Rationale While the relationship between inflammation and depression is well-established, the molecular mechanisms mediating
this relationship remain unclear. RNA sequencing analysis comparing brains of vehicle- and lipopolysaccharide-treated mice
revealed LCN2 among the most dysregulated genes. As LCN2 is known to be an important regulator of the immune response to
bacterial infection, we investigated its role in the behavioral response to lipopolysaccharide.
Objective To explore the role of LCN2 in modulating behavior following lipopolysaccharide administration using wild type
(WT) and lcn2−/− mice.
Methods Using a within-subjects design, mice were treated with 0.33 mg/kg liposaccharide (LPS) and vehicle. Primary outcome
measures included body weight, food consumption, voluntary wheel running, sucrose preference, and the tail suspension test. To
evaluate the inflammatory response, 1 week later, mice were re-administered either vehicle or LPS and terminated at 6 h.
Results While lcn2−/− mice had increased baseline food consumption and body weight, they showed a pattern of reduced food
consumption and weight loss similar to WT mice in response to LPS. WTand lcn2−/−mice both recovered voluntary activity on
the fourth day following LPS. LPS induced equivalent reductions in sucrose preference and TST immobility in theWTand lcn2−/
− mice. Finally, there were no significant effects of genotype on inflammatory markers.
Conclusions Our data demonstrate that lcn2 is dispensable for sterile inflammation-induced sickness and depression-like behav-
ior. Specifically, lcn2−/−mice displayed sickness and immobility in the tail suspension test comparable to that ofWTmice both in
terms of intensity and duration.
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Introduction

The possibility of a causal relationship between inflammation
and depression stems from a number of preclinical and clinical
data. In laboratory rodent models, both acute inflammation
(e.g., administration of cytokine inducers such as lipopolysac-
charide (LPS)) and chronic inflammation (e.g., inoculation of
Bacillus Calmette-Guerin) result in the development of
depression-like behavior (Frenois et al. 2007; Moreau et al.
2008; Moreau et al. 2005; O’Connor et al. 2009). At the clin-
ical level, symptoms of depression are associated with elevat-
ed levels of biomarkers of inflammation (Dowlati et al. 2010;
Goldsmith et al. 2016; Haapakoski et al. 2015; Leighton et al.
2018; Smith et al. 2018; Valkanova et al. 2013). Furthermore,
administration of endotoxin to volunteers has been shown to
induce depressed mood (Eisenberger et al. 2010; Reichenberg
et al. 2001) while administration of anti-cytokine treatment
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alleviates symptoms of depression in patients with chronic
inflammatory diseases as well as in psychiatric patients with
elevated biomarkers of inflammation (Kappelmann et al.
2018; Raison et al. 2013). The mechanisms of these effects
are under intense study. Inflammatory cytokines act on the
brain by various pathways that all converge on dopaminergic,
glutamatergic, and serotoninergic neurotransmission (Dunn
et al. 1999; Miller et al. 2013; Schaefer et al. 2003). One
aspect that is still obscure is the way that these effects are
regulated at the molecular level.

In an attempt to identify possible novel mechanisms of
inflammation-induced depression, we conducted an unbiased
RNA sequencing study in which we compared mice treated
with vehicle or the inflammatory inducer LPS. For this study,
we focused on the parietal cortex. The parietal cortex is an
important region for attention and sensorimotor integration
and is the projection site of whisker sensory information in
rodents (Colby and Goldberg 1999; Mohan et al. 2018;
Teixeira et al. 2014). There is growing awareness of the im-
portance of sensory and motor systems in mental health.
Further, prior research has demonstrated that depression is
often associated with reduced activity within the parietal cor-
tex and particularly within the frontoparietal circuit. For ex-
ample, it has shown that depression was associated with de-
creased glucose metabolism within the parietal cortex (Biver
et al. 1994). Further, Vasic and colleagues demonstrated that
the prefrontoparietal network showed reduced connectivity in
patients with MDD (Vasic et al. 2009). These findings are
supported by a study demonstrating reduced resting state con-
nectivity within frontoparietal network using a meta-analysis
comprising data from over 1000 individuals (Kaiser et al.
2015). The targets that showed the greatest change in response
to LPS were evaluated in the context of the literature. One of
the identified targets was lipocalin-2 (LCN2).

LCN2, also known as neutrophil gelatinase-associated
lipocalin (NGAL), is the product of the lcn2 gene. This gly-
coprotein plays an important role in the regulation of the in-
nate immune response to bacterial infection (Goetz et al.
2002) and it is associated with a variety of inflammatory con-
ditions (Gouweleeuw et al. 2015; Marijnissen et al. 2014;
Mommersteeg et al. 2016; Naude et al. 2012, 2014, 2015).
In a recent report, bone-derived LCN2 was reported to sup-
press appetite by acting at the melanocortin 4 receptor in the
hypothalamus (Mosialou et al. 2017). This observation led to
the speculation that LCN2 could be involved in inflammation-
induced anorexia (Palmiter 2017). However, the literature is
unclear concerning its role in regulating inflammation-
induced behavioral alterations. As we observed a high level
of expression of brain lcn2 at the time at which we usually
observe depression-like behavior in LPS-treated mice, we de-
cided to explore its possible role in LPS-induced sickness
(including reduced food consumption and voluntary activity)
and in pharmacological tests of anti-depressant activity (tail

suspension test and sucrose preference) by comparing wild
type to lcn2 genetically deficient mice. The present experi-
ments show that lcn2-deficient mice did not differ from
wild-type mice in their behavioral response to LPS.

Methods

Animals and drugs

Experiments were conducted in adult wild-type C57BL/6J
mice and lcn2−/− (stock number 024630) mice purchased
from Jackson Laboratories (Bar Harbor, ME). The mice were
housed in a temperature- and humidity-controlled environ-
ment on a 12-h light:dark cycle with food and water available
ad libitum. Mice were treated with LPS (L-3129, serotype
012:B8, Sigma-Aldrich) and/or sterile saline vehicle by intra-
peritoneal injection (IP). All protocols were approved by the
University of TexasMDAnderson Cancer Center Institutional
Animal Care and Use Committee.

Behavioral testing

Mice were single housed with wireless low profile running
wheels (Med Associates, Fairfax, VT). Wheel access was pro-
vided approximately 2 weeks prior to the start of drug treat-
ment and continued throughout the experiment.

Depression-like behavior was assessed in two pharma-
cological tests sensitive to anti-depressant drugs, sucrose
preference and tail suspension test. In both cases, the use
of the depression-like behavior terminology does not im-
ply that the behavioral performance of mice in these tests
reflects any form of Bdepressed^ mood. Sucrose prefer-
ence was assessed by providing single-housed mice ac-
cess to two identical water bottles, one containing normal
drinking water and the other containing a 1% sucrose
solution. As anticipated, mice rapidly developed a prefer-
ence for the sweetened solution as measured by weighing
the bottles (percent sucrose preference = [sucrose con-
sumed]/[ total sucrose + water consumed]*100).
Preference was established prior to the start of drug treat-
ments. Sucrose preference was evaluated 24 and 48 h
post-treatment. Within the first 24 h, alterations can be
attributed to the sickness phase, while deficits after 24 h
are generally interpreted to be an indication of depression-
like behavior. The tail suspension test was performed 24 h
post-treatment and immobility during the 6-min test was
scored by an experimenter blind to experimental condition
(Can et al. 2012). This test has been shown to be respon-
sive to inflammation-induced depression and is a sensitive
indicator anti-depressant activity (Castagne et al. 2011;
O’Connor et al. 2009).
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Tissue processing

At the completion of experimental procedures, mice were eu-
thanized and tissue was collected after intracardiac perfusion
of PBS, snap frozen in liquid nitrogen, and stored at − 80C
until analyzed. RNAwas extracted using E.Z.N.A. Total RNA
Isolation kit (Omega Bio-Tek, Norcross, GA). RNA sequenc-
ing was performed at the UCLA Neuroscience Genomics
Core, with cDNA synthesis using the Illumina TruSeq
Stranded RNA system with RiboZero Gold reduction of glo-
bin and ribosomal RNAs. Sequencing was performed on an
Illumina HiSeq 4000 instrument, acquiring an average of 11.8
million single-stranded 65 bp reads per sample. Reads were
mapped to the Mus musculus transcriptome (GRCm38.89)
using hisat2, and mRNA abundance was quantified as tran-
scripts per million and log2-transformed for analysis by linear
statistical models with false discovery rate correction for mul-
tiple testing. Endpoint quality control metrics (alignment rate
and mean profile correlation with other samples) identified
one aberrant sample from a mouse in the LPS-treated group,
which was excluded from further analyses.

For qRT-PCR following the behavioral experiment, liver
and brain RNA was reverse transcribed using a High
Capacity cDNA Revers Transcription Kit (Applied
Biosystems, Thermo Fisher Scientific, Waltham, MA) and
analyzed by real-time PR-PCR using TaqMan Gene expres-
s ion as says . I l - 1β (Mm.PT.58 .17212823) , I l - 6
(Mm.PT.58.13354106), Tnf-α (Mm.PT.56a.12575861), and
Gapdh (Mm.PT.39a.1) were purchased from IDT
(Coralville, IA), and Itgam (Mm01271259) was from
Applied Biosystems (Waltham, MA). Plasma was evaluated
for IL-6 levels (BioLegendMouse IL-6 ELISAMAX, catalog
number 431304).

Experimental protocols

Experiment 1: Mice were treated with vehicle or 0.5 mg/kg
LPS and were euthanized 24 h after treatment (n = 6
mice/group). Cortical tissue (particularly at the area of the
parietal cortex) was collected and RNA sequencing was per-
formed as described above.

Experiment 2: Using a within-subjects counterbalanced de-
sign, all mice were treated with 0.33 mg/kg LPS and vehicle.
Treatment occurred within 30 min of the onset of the dark
cycle. The treatments were separated by an interval of 1 week.
Body weight and food consumption was assessed at 12, 24,
36, 48, and 72 h post-treatment. Voluntary wheel running,
sucrose preference, and TST were performed as described
above. To evaluate the inflammatory response to LPS, 1 week
after, the second treatment mice were re-administered either
vehicle or LPS and terminated 6 h later. Given that the re-
sponse LPS is blunted with repeated injections, a dose of
1.0 mg/kg was selected for the second injection.

Statistical analysis

Data from the behavioral study were analyzed using one-way
or two-way ANOVAs with repeated measures on the time
factor followed by Tukey post hoc analyses when significant
interactions were identified. Each animal was treated as its
own control. Data are presented as mean ± standard error of
the mean (SEM).

Results

RNA sequencing implicated Lcn2 in LPS-induced
neuroinflammation

The RNA sequencing analysis, corrected for multiple compar-
isons, revealed 128 genes that were significantly dysregulated
in response to LPS treatment (Vichaya et al., in preparation).
We present the 4 targets that showed the greatest change in
response to LPS in Table 1 (> 50-fold change compared to
control). From this analysis, we focused on the third most
dysregulated gene, lcn2, based on the published findings
pointing to its possible role in regulation of inflammation
(Gouweleeuw et al. 2015; Marijnissen et al. 2014;
Mommersteeg et al. 2016; Naude et al. 2012, 2014, 2015).

Lcn2 deficiency did not influence LPS-induced
sickness behavior

Administration of LPS induces a sickness episode that peaks
during the first 3–15 h after injection. This sickness episode is
characterized by body weight loss, decreased food and water
consumption, and reduced locomotion (Henry et al. 2008;
O’Connor et al. 2009). Sickness gradually wanes with time
and depression-like behavior persists (Dantzer et al. 2008).
Depression-like behavior can be measured at 24 h post-LPS
by behavioral tests such as the forced swim test, tail suspen-
sion test, and sucrose preference test (Frenois et al. 2007;
O’Connor et al. 2009). To explore the role of LCN2 in
inflammation-induced sickness and depression, we treated
WT and Lcn2−/− mice with LPS. Both genotypes showed a
similar pattern of weight loss (Fig. 1a), with a significant main
effect of treatment,F(1,28) = 6.7, p < 0.05, and a time by treat-
ment interaction, F(5,140) = 63.2, p < 0.001. There was also a
main effect of genotype, indicating that lcn2−/− mice had
higher bodyweight in general, as has been previously reported
(Guo et al. 2010; Mosialou et al. 2017). Both genotypes
returned to their baseline body weight approximately 72 h
post-treatment. LPS also altered food consumption patterns
in both genotypes (time by treatment interaction, F(1,28) =
103.0, p < 0.001). During the first two nights after treatment
(0–12 h and 24–36 h post-LPS), mice showed a reduction in
food consumption followed by increased eating between 36
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and 72 h post-LPS (Fig. 1b). In line with the body weight data,
untreated lcn2−/− mice displayed increased average daily
food consumption compared to WT mice (p < 0.05).

Another highly sensitivity measure of sickness is voluntary
wheel running. As would be expected, LPS induced a signif-
icant reduction in nightly wheel running (main effect of

Fig. 1 Lcn2−/− mice display a similar sickness behavior in response to
LPS. In response to LPS, both WTand lcn2−/−mice showed a significant
loss of body weight (a) and a corresponding reduction in food
consumption between 0–12 h and 24–36 h post-LPS (b). They did display
a slight compensatory increase in food consumption at 36–48 h. LPS

treatment also reduced wheel running for 3 days following treatment
equally in both genotypes (c). Dark bars on panel a indicate light/dark
cycle. * Post hoc analyses indicate a significant difference between
vehicle- and LPS-treated mice, p < 0.05

Table 1 Top 4 most dysregulated
genes identified in the cortex of
mice treated with LPS as
identified through RNA
Sequencing

Gene
symbol

Gene name Fold
change

Corrected p
value

Biological role

Ccl12 Chemokine ligand 12 131.88 < 0.00001 Chemotaxis

Saa3 Serum amyloid A3 84.72 0.00203 Monocyte
recruitment

Lcn2 Lipocalin 2 81.37 0.00161 Antimicrobial
activity

Ifi27l2a Interferon alpha-induced protein 27
like 2A

60.42 < 0.00001 Antiviral activity

Psychopharmacology (2019) 236:2975–29822978



treatment, F(1,28) = 21.1, p < 0.001, and a treatment by time
interaction, F(4,112) = 44.3, p < 0.001)). This effect remained
significant through the third night after treatment (48–60 h
post-LPS; Fig. 1c), and there was no significant interaction
with genotype. There were no baseline differences in volun-
tary wheel running activity between the two genotypes.

Lcn2 deficiency did not modify LPS-induced
depression-like behavior

To evaluate depression-like behavior, we measured sucrose pref-
erence and conducted the tail suspension test at 24 h post-LPS.
Sucrose preference was significantly reduced by LPS and
returned relatively rapidly (time by treatment interaction,
F(2,56) = 10.5, p < 0.001). Post hoc analyses revealed recovery
after the first day of treatment in both WT and lcn2−/− mice
(Fig. 2a). Immobility in the tail suspension test showed a signif-
icant LPS effect (F(1,14) = 24.5, p < 0.001), but no effect of
genotype nor genotype by treatment interaction (Fig. 2b).

Lcn2 deficiency did not impact the LPS-induced
inflammatory response

When mice were re-injected with a higher dose of LPS and
euthanized 6 h later, the predicted LPS-induced systemic and
brain inflammatory response was observed with no difference
between genotypes. LPS increased serum IL-6 (F(1,11) =
14.9, p < 0.005) (Fig. 3a) and liver mRNA expression of Il-
1β (F(1,11) = 6.3, p < 0.05), Tnf-α (F(1,11) = 12.7,
p < 0.005), and Itgam (F(1,11) = 6.8, p < 0.05) with a trend
for Il-6 (p < 0.10) (Fig. 3b). LPS also increased brain expres-
sion of Il-1β (F(1,11) = 17.2, p < 0.005) and Tnf-α (F(1,11) =
23.5, p < 0.005) (Fig. 3c). There were no significant effects of

genotype nor genotype by treatment interactions on these in-
flammatory markers.

Discussion

The lack of differences between lcn2−/− and wild-type mice
in their behavioral and inflammatory response to LPS can be
interpreted to indicate that despite its high responsiveness to
LPS at the level of brain mRNA expression, lcn2 is dispens-
able for acute inflammation-induced behavioral changes. This
indicates that while brain lcn2may be an important biomarker
of neuroinflammation, it is likely a poor candidate as a thera-
peutic target for inflammation-induced depression.

The lack of modulatory function of lcn2 in our model was
unanticipated based on the high LPS-induced mRNA expres-
sion levels and the previous reports of a modulatory function
of LCN2 during other LPS challenges. For example, Kang
et al. (2018) recently reported that LCN2 serves a protective
function in the context of an LPS challenge, as lcn2−/− mice
displayed a more severe neuroinflammatory and behavioral
response. In the same vein, Zhang et al. (2008) reported that
RAW264.7 macrophages treated in vitro with LCN2
displayed a suppression in LPS-induced cytokine production.
However, this favorable picture of LCN2 as a negative regu-
lator of inflammation is blurred by other reports showing that
LCN2 enhances neuroinflammation and behavioral deficits by
polarizing microglia and astrocytes toward a more inflamma-
tory phenotype (Jang et al. 2013a, b).

A noteworthy difference between our approach and that of
Kang et al. is the dose of LPS selected. They used a high dose
of 2 mg/kg that is likely to be disruptive of blood-brain barrier
(BBB) integrity (Zhao et al. 2014). A disruption of the BBB

Fig. 2 Lcn2−/− mice display a similar immobility in the tail suspension
task in response to LPS. WT and lcn2−/− mice displayed a reduction in
sucrose preference during the first 24 h following LPS treatment;

however, this deficit did not persist beyond the phase of acute sickness
(a). Both genotypes displayed significantly increased immobility time in
the TST following LPS (b). * p < 0.05
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will result a more severe inflammatory response with infiltra-
tion of immune cells and inflammatorymediators. The dose of
LPS we used has no such effect and produces systemic in-
flammation that propagates to the brain via other communica-
tion pathways (Dantzer et al. 2000). Similarly, it is likely that
the in vitro culture system reported by Zhang et al. based on
addition of 1 ng/mL of LPS for 4 h to RAW 264.7 macro-
phages mimics a much more severe inflammatory condition
than the relatively low level of inflammation induced in vivo
with our dosing regimen. Therefore, a provisional interpreta-
tion of the data would be that although we did not observe a
significant modulatory function for LCN2 in inflammation-
induced sickness or depression, LCN2 could still have a role
in more severe inflammatory conditions.

Another notable finding from this study is that lcn2
expression appears to be dispensable to LPS-induced an-
orexia. By increasing or decreasing the expression of lcn2
specifically in osteoblasts, a tissue with high constitutive
expression of this gene, Mosialou and colleagues reported
that bone-derived LCN2 suppresses appetite (Mosialou
et al. 2017). LCN2 was further shown to cross the
blood-brain barrier and activates a melanocortin-4 recep-
tor-dependent anorexigenic pathway. Our baseline data
aligns with previous data demonstrating that lcn2 defi-
ciency is associated with increased body weight possibly
because of increased food intake, although others have
reported no effect of lcn2 deficiency on body weight or
appetite (Law et al. 2010). In any case, the observation
that lcn2-deficient mice displayed the same reduced food
consumption as wild-type mice in response to LPS does
not support the hypothesis that LCN2 is a therapeutic
target for inflammation-induced anorexia. Several other
mediators have been proposed for this effect including
activation of neural afferents from the gut at the periphery

(Griton and Konsman, Clin Auton Res 2018) and mobili-
zation of neuropeptide Y and pro-opiomelanocortin in the
hypothalamus (Dwarkasing et al. 2016).

Considering the primary mechanism by which LCN2 is
activated by infectious stimuli may explain why it is excep-
tionally responsive to this regimen of LPS without having a
modulatory role. In response to bacterial infection, toll like
receptors (TLRs) on immune, parenchymal, and epithelial
cells are activated which induce the synthesis and secretion
of LCN2 (Cleaver et al. 2014; Layoun et al. 2012; Ostvik et al.
2013; Sunil et al. 2007). As such, there are reduced levels of
LCN2 in mice with nonfunctional TLR4 (Sunil et al. 2007).
The primary function of LCN2 appears to be the sequestration
of iron, preventing its acquisition by micro-organisms and
minimizing bacterial growth. However, LPS activates TLR4
but does not mimic active infection. There is therefore no
benefit derived from sequestering iron. In other words, a pos-
sible role of LCN2 in modulating the behavioral response to
inflammation would have to be investigated in the context of
an active infection induced for instance by Salmonella or
Escherichia coli rather than in response to pathogen-
associated molecular patterns.

In summary, while LCN-2 may be a good inflammatory
biomarker, it is not required for the development of
inflammation-induced sickness and depression-like behavior.
Even if there are likely contexts in which LCN2 modulates
inflammation by impacting bacterial growth, it does not ap-
pear to be a viable therapeutic target for treating sterile
inflammation-induced depression.
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Fig. 3 Lcn2−/− mice display a similar peripheral and inflammatory
response to LPS. Mice were euthanized 6 h after a second dose of
vehicle or 1.0 mg/kg LPS and tissue was collected. At this time, both
WTand lcn2−/− mice displayed a significant elevation in circulating IL-6

(a), increased Il-1β, Tnf-α, and Itgam in the liver (trend for increase IL-6)
(b), and increased Il-1β and Tnf-α in the brain (c). There were no signif-
icant differences between the genotypes on any of the inflammatory
markers assessed. * p < 0.05
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