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Aging causes considerable changes in the nervous system, inducing progressive 
and long-lasting loss of physiological integrity and synaptic plasticity, leading to 
impaired brain functioning. These age-related changes quite often culminate 
in behavioral dysfunctions, such as impaired cognition, which can ultimately 
result in various forms of neurodegenerative disorders. Still, little is known 
regarding the effects of aging on behavior. Moreover, the identification of factors 
involved in regenerative plasticity, in both the young and aged brain, is scarce 
but crucial from a regenerative point of view and for our understanding on 
the mechanisms that control the process of normal aging. Recently, we  have 
identified the iron-trafficking protein lipocalin-2 (LCN2) as novel regulator of 
animal behavior and neuronal plasticity in the young adult brain. On the other 
hand, others have proposed LCN2 as a biological marker for disease progression 
in neurodegenerative disorders such as Alzheimer’s disease and multiple sclerosis. 
Still, and even though LCN2 is well accepted as a regulator of neural processes in 
the healthy and diseased brain, its contribution in the process of normal aging is 
not known. Here, we performed a broad analysis on the effects of aging in mice 
behavior, from young adulthood to middle and late ages (2-, 12-, and 18-months 
of age), and in the absence of LCN2. Significant behavioral differences between 
aging groups were observed in all the dimensions analyzed and, in mice deficient 
in LCN2, aging mainly reduced anxiety, while sustained depressive-like behavior 
observed at younger ages. These behavioral changes imposed by age were further 
accompanied by a significant decrease in cell survival and neuronal differentiation 
at the hippocampus. Our results provide insights into the role of LCN2  in the 
neurobiological processes underlying brain function and behavior attributed to 
age-related changes.
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Introduction

Aging is a complex process that causes significant structural and physiological changes in 
the brain, often culminating in behavioral impairments and increased occurrence of 
neuropsychiatric and neurodegenerative disorders (Perna et al., 2016; Shoji et al., 2016). Several 
studies have, in fact, explored the impact of aging on brain physiology and behavior (Shoji et al., 
2016; Botton et  al., 2017), demonstrating age-related impairments on cognitive functions 
(Benice et al., 2006), exploratory and locomotor activities (Fahlstrom et al., 2011), sensorimotor 
behavior (Lau et al., 2008), and depressive-like states (Malatynska et al., 2012). Still, there are 
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only few reports (Shoji et al., 2016) describing age-related changes in 
behavior, from young adulthood to middle and late ages.

Functional changes in the brain imposed by aging include the 
gradual loss of neural regenerative capacity. Specifically, in the 
hippocampus, morphological and functional changes associated with 
aging includes neuronal loss (Mattson and Magnus, 2006), decreased 
synaptic density (Bach et al., 1999; Barnes, 2003) and synaptogenesis 
(Geinisman et al., 1992), increased oxidative (Forster et al., 1996; Hu 
et al., 2006), and metabolic stress (Yin et al., 2016), and diminished 
neurogenesis (Kuhn et al., 1996; Kempermann et al., 2002). These 
changes strongly correlate with age-associated cognitive decline and 
memory impairments (Rapp and Heindel, 1994). Particularly, reduced 
adult hippocampal neurogenesis during aging was shown to 
be associated with decreased cognitive and learning performances 
(Lazarov et al., 2010; Mu and Gage, 2011; Merkley et al., 2014), which 
could be restored by increasing neurogenesis with exercise (van Praag 
et  al., 2005; Merkley et  al., 2014; Wu et  al., 2015). In this sense, 
manipulations aimed at increasing neurogenesis constitute a 
promising approach for alleviating disease- or age-related impairments 
in brain function and behavior (Drew and Hen, 2007; Bolognin et al., 
2014). Still, the nature of the causal factors responsible for 
neurodegeneration during aging are poorly understood. The 
identification of regulators that can control both hippocampal 
plasticity and function is crucial from a regenerative point of view, and 
for our understanding on the neurobiological mechanisms that 
underlie the aging process.

In recent years, the secreted protein lipocalin-2 (LCN2) was 
identified as a regulator of brain physiological process, by controlling 
neuronal structural and remodeling, synaptic activity and behavior at 
young adulthood (Mucha et  al., 2011; Ferreira et  al., 2013), with 
additional described roles in neural stem cells physiology and 
proliferation (Ferreira et al., 2018). On the other hand, LCN2 has also 
been described with important roles in the diseased brain, particularly 
in mild cognitive impairment (Choi et al., 2011), Alzheimer’s disease 
(Naude et al., 2012), multiple sclerosis (Marques et al., 2012) and, 
more recently, in Parkinson’s disease (Kim et  al., 2016). Whether 
detrimental or protective (Ferreira et al., 2015), the described roles of 
LCN2 in brain homeostasis, along with its presence in brain regions 
affected by degeneration, has even proposed the usage of LCN2 as a 
biological marker for disease progression (Ferreira et al., 2015). Still, 
the contribution of LCN2 for the process of normal aging is 
currently unknown.

In this study, we performed mice behavioral analysis during aging, 
from young adulthood to middle and late ages (2-, 12-, and 18-months 
of age), and further analyzed the impact of LCN2 absence in the 
course of the behavioral effects related to aging. Moreover, 
we  estimated cell survival and neuronal differentiation in the 
hippocampus as a measure of neural plasticity in the aged brain.

Materials and methods

Ethics statement

All animal procedures were conducted in accordance with the 
guidelines for the care and handling of laboratory animals in the 
Directive 2010/63/EU of the European Parliament and the Council 
and were approved by the Portuguese national authority for animal 

experimentation, Direção Geral de Alimentação e Veterinária (ID: 
DGAV9457). Animals were housed and maintained in a controlled 
environment at 22–24°C and 55% humidity, on 12 h light/dark cycles 
and fed with regular rodent’s chow and tap water ad libitum.

Animal model and experimental groups

Experiments were conducted in male mice lacking LCN2 (LCN2-
null), and the respective wild-type (Wt) littermate controls, in a 
C57BL/6 J mice background, obtained from heterozygous crossings. 
Mice were divided into three groups, accordingly to their age: 2-, 12- 
and 18-months. Both LCN2-null mice and age-matched Wt littermates 
were used for behavioral and cellular analysis. As a measure of general 
welfare of animals, body weight was monitored throughout the 
aging process.

Behavior

Animals from two different cohorts, and at each selected age, were 
assessed for their behavior that included general evaluation of anxiety, 
mood and cognition (Figure 1A).

Elevated plus maze

Anxious behavior was analyzed through the elevated plus maze 
(EPM) test. The behavioral apparatus (ENV-560; Med Associates Inc., 
St. Albans, VT, USA) consisted of two opposite open arms 
(50.8 cm Å ~ 10.2 cm) and two closed arms (50.8–10.2 cm Å ~ 40.6 cm), 
elevated 72.4 cm above the floor and dimly illuminated. Mice were 
individually placed in the center of the maze and allowed to freely 
explore it for 5 min. The percentage of time spent in the open arms, 
monitored through an infrared photobeam system (MedPCIV, Med 
Associates Inc.), was used as an index of anxiety-like behavior, and the 
number of total entries in the arms of the maze as an indicator of 
locomotor activity.

Light/dark box test

Anxiety behavior was also assessed in the light/dark box test, 
consisting of an open field arena divided in equal parts. One part was 
open and brightly illuminated, with the other consisting of a black 
Plexiglas insert with an entrance at the center of the arena. Each 
animal was placed at the center of the arena facing the lateral wall and 
allowed to explore it for 10 min. An infrared automatic system (Med 
Associates Inc.) allowed monitoring the time spent in each 
compartment of the arena, and anxiety was calculated by the ratio of 
time spent in the dark versus the light compartment.

Forced-swim test

Learned-helplessness was assessed through the forced-swim test 
(FST), as a measure of depressive-like behavior. The test was 
conducted by placing each animal individually in transparent 
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cylinders filled with tap water (25°C; depth 30 cm) for a 5 min period. 
The trials were videotaped and manually scored using the EthoLog V 
2.2 software (Ottoni, 2000). Learned-helplessness behavior was 
defined as an increase in immobility time and a decrease in the latency 
of time to immobility (in sec).

Morris water maze

Cognitive function, by means of spatial reference memory, was 
evaluated using the Morris water maze (MWM) paradigm. The water 
maze consisted of a white circular pool (170 cm in diameter, 50 cm in 
height) filled with tap water (23°C; 25 cm of depth) and placed in a 
poorly lit room with extrinsic clues. The water tank was divided into 
four imaginary quadrants and a transparent escape platform (14 cm 
in diameter; 30 cm high), invisible to the animals, was placed in the 
center of one of the quadrants. Mice were randomly placed in the 
water facing the wall in each of the quadrants, and allowed to search 
for the hidden platform maintained in the same position during the 
4 days of the acquisition. The trial was considered as concluded when 
the platform was reached within the limit time of 120 s. If failing to 
reach the platform within this time-period, animals were guided to 
the platform and allowed to stay in it for 30 s and an escape latency 
time of 120 s was registered. During the 4 days of the acquisition 
phase, each animal was given four trials per day. Trials were video-
captured by a tracking system (Viewpoint, Champagne-au-Mont-d’Or, 
France) and the time required to reach the platform (latency of time) 
was recorded for the consecutive trials/days.

Contextual fear conditioning

Contextual fear conditioning (CFC) was conducted for 2 days, as 
previously described (Ferreira et al., 2018), to assess fear memory. 
Briefly, on day 1, mice were placed in the conditioning chamber and 

received three pairings of light and a terminating shock (1 s, 0.5 mA), 
spared from each other with an interval of 20 s. On the following day, 
to test for conditioned fear to the training context, animals were 
placed in the same chamber for 3 min as before, but with no 
presentation of the conditioned stimulus, and the entire session was 
scored for freezing. Two hours after, animals were presented to a novel 
context, with no grid, black plastic inserts covering the floor and the 
walls of the chamber and scent with vanilla extract. Each mouse was 
placed into the novel context for 3 min and freezing was scored for the 
entire session. Freezing behavior was manually scored by a blind 
observer using the EthoLog V2.2 software and defined as the complete 
absence of motion for a minimum of 1 s. Parameters analyzed included 
the total percentage of time freezing in the context (A) and (B), and 
the index of discrimination between contexts as the ratio of percentage 
of time freezing (contexts A-B)/percentage of time freezing 
(contexts A + B).

BrdU injections

In the end of the behavioral assessments, and prior to sacrifice 
(Figure 1A), animals at the described ages were intraperitoneally (i.p.) 
injected with BrdU (50 mg/kg; Sigma Aldrich, St. Louis, MO, USA) 
twice a day for 5 consecutive days, followed by a chase period of 
28 days. This allowed the analysis of the effect of aging on the progeny 
of stem cells and progenitors survival.

Tissue preparation and 
immunohistochemistry

For tissue processing, brains from anesthetized mice [i.p. mixture 
of ketamine hydrochloride (150 mg/kg) plus medetomidine (0.3 mg/
kg)] were perfused transcardially with 0.9% cold saline, coronally 
sectioned in a cryostat (20 μm), and further processed for 

A B

FIGURE 1

Body weight increases in aged animals, irrespectively of the genotype. (A) Schematic diagram of the experimental approach and the group of animals used 
at the respective ages. (B) Body weight measurements at selected ages revealed an age-related effect, with aged animals presenting increased body weight, 
when compared to genotype-matched 2-months old animals (n = 10–12 mice per group). Data are presented as mean ± SEM, analyzed by two-way analysis 
of variance (ANOVA) with Bonferroni’s multiple comparison test. ΦDenotes differences between young and aged Wt; #between young and aged lipocalin-2 
(LCN2)-null mice. ΦΦΦΦ, ####p ≤ 0.0001. EPM, elevated plus maze; CFC, contextual fear conditioning; FST, forced-swim test; MWM, Morris water maze.
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A B C D

FIGURE 2

Age-related alterations of anxiety-like behaviors in Wt and lipocalin-2 (LCN2)-null mice. (A) Assessment of anxiety-like behavior in the elevated plus 
maze (EPM) showed an increase in the percentage of time spent in the open arms across age, specifically in LCN2-null mice (n = 10–12 mice per 
group). (B) General locomotor activity assessed by the total number of entries in the maze revealed no major aging and genotype effects. (C) In the 
light/dark box test, anxiety-like behavior of LCN2-null mice at 2-months of old is reduced at 18-months of age. (D) Representative progression of EPM 
performance by the animals during the course of normal aging, evidencing the reduction in anxiety behavior (as an increased time in the EPM open 
arms) observed in LCN2-null mice. At 12-months of age, Wt mice become more anxious, a phenotype that was lost at 18-months. Data are presented 
as mean ± SEM, analyzed by two-way ANOVA with Bonferroni’s multiple comparison test. #Denotes differences between young and aged LCN2-null 
mice; *between Wt and LCN2-null mice at each matched age. *p ≤ 0.05, ##p ≤ 0.01, ####p ≤ 0.0001.

immunohistochemistry. For BrdU immunostaining, antigen retrieval 
by heat with citrate buffer (10 mM; Sigma) was performed, followed 
by DNA denaturation with HCl (Sigma) for 30 min. An additional 
blocking step with a solution of PBS 0.3% Triton X-100 (PBS-T; 
Sigma) and 10% normal fetal bovine serum (FBS; Invitrogen, 
Carlsbad, CA, USA) for 30 min at room temperature (RT) was also 
performed. Primary antibodies incubation, diluted in blocking 
solution, occurred overnight at RT and included rat anti-BrdU 
(1:100; Abcam, Cambridge, UK) and mouse anti-NeuN (1,200; 
Millipore, Billerica, MA, USA). The respective fluorescent secondary 
antibodies anti-rat and anti-mouse combined to Alexa 594 or to 
Alexa 488 (Invitrogen) were used to detect the respective primary 
antibodies at a dilution of 1:500 (in PBS-T) for 2 h at RT. To stain the 
nucleus, sections were incubated with 4′,6-diamidino-2-phenylindole 
(DAPI, 1:1000; Sigma), after which slides were mounted with Immu-
Mount (ThermoFisher Scientific, Waltham, MA, United  States). 
Fluorescence images of the dentate gyrus (DG) of the hippocampus 
were acquired using the Olympus Fluoview FV1000 confocal 
microscope (Olympus, Hamburg, Germany) and the number of 
double-positive cells further calculated using Olympus Fluoview 
FV1000 software (Olympus), and normalized for the respective 
area (mm2).

Statistical analysis

All experiments were performed and analyzed by the same 
experimenter, blind to the animals’ genotype or group under 
assessment. Variables followed a Gaussian distribution as revealed by 
the D’Agostino & Pearson normality test. Data are reported as 
mean ± standard error (S.E.M.). The number of biological replicates 
(n) is specified in the legend of each figure. Statistically significant 
differences between groups were determined using two-way ANOVA, 
followed by Bonferroni’s multiple comparison test. Values were 
considered statistically significant for p ≤ 0.05 (*, # or Φ), p ≤ 0.01  

(**, ## or ΦΦ), p ≤ 0.001(***, ### or ΦΦΦ) and p ≤ 0.0001(****, #### 
or ΦΦΦΦ).

Results

Depressive-like behaviors, but not anxiety, 
persists in aged LCN2-null mice

In order to assess the effects of aging in animal behavior, and in 
the absence of LCN2, Wt and LCN2-null mice were aged until 12- and 
18-months of age, and evaluated for anxiety, depressive-like and 
cognitive behavioral dimensions (Figure 1A). Firstly, we examined 
age-related changes on the body weight of Wt and LCN2-null mice, 
and compared to young 2-months old mice. We observed a significant 
effect of age on body weight (F2,60 = 142.0, p < 0.0001), independently 
of the genotype (genotype*age: F2,60 = 0.53, p = 0.59; Figure 1B). Both 
aged Wt and LCN2-null mice were significantly heavier than younger 
genotype-matched animals (12- and 18-months >2-months, 
p < 0.0001; Figure 1B).

To assess anxiety-like behaviors, we tested the animals of both 
genotypes and at the different ages in the EPM test. Analysis of the 
effect of age in the time spent in the open arms revealed that it 
significantly influenced animal’s performance in the maze (age effect: 
F2,52 = 16.05, p < 0.0001). Specifically, Wt 12-months old animals spent 
less time in the open arms of the maze (12- < 2-months, p = 0.59), 
which suggested the appearance of an anxious-like behavior with 
aging. However, at the oldest age of 18-months, Wt animals exhibited 
a surprisingly increased percentage of time spent in the open arms 
(18- > 12-months, p = 0.07; Figure 2A). In addition, aging also induced 
a reduction in the anxiety state presented by LCN2-null mice at 
2-months of age. We have previously described that young LCN2-null 
mice present an increased anxiety-like behavior in the EPM test 
(Ferreira et al., 2013), which we confirmed here (Wt: 29%, LCN2-null: 
18%; Figure 2A). Analysis of aged LCN2-null mice in the EPM showed 
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that animals significantly increased the time spent in the open arms 
of the maze, when compared to younger mice (12- > 2-months, 
p = 0.006; 18- > 2-months, p < 0.0001), and to age-matched Wt animals 
(Wt versus LCN2-null: 12-months, p = 0.05; 18-months, p = 0.01; 
Figure 2A).

In addition, the evaluation of the total number of entries in the 
EPM maze, as a measure of general locomotor activity, revealed no 
aging effect in this parameter (F1,29 = 1.16, p = 0.29), neither between 
ages or genotypes (Figure 2B). To confirm the observations obtained 
in the time spent in the open arms of the EPM maze, we also tested 
the animals, but only at 18-months of age in the light/dark box test, 
another commonly used test to assess anxiety-like behavior. Indeed, a 
similar phenotype was observed when testing 18-months old Wt and 
LCN2-null mice in the light/dark box test. In this test, a decreased 
ratio time dark/light was observed in older LCN2-null animals, when 
compared to younger mice (18- < 2-months, p = 0.002; Figure 2C), 
confirming the reduction in anxiety by aging in LCN2-null mice. For 
aged Wt mice, this was not evident (p = 0.67; Figure 2C). Overall, these 
results suggest that, along with the process of aging, a reduction in 
anxiety behavior occurs in the absence of LCN2 (Figure 2D).

Following, we  assessed learned helplessness as an index of 
depressive-like behavior, by the immobility time and the latency to 
immobility in the FST. Aging had an overall significant effect on the 
immobility time (F2,41 = 71.96, p < 0.0001) and the latency to immobility 
(F2,37 = 33.56, p < 0.0001; Figures 3A,B) presented by the animals. Older 
Wt mice significantly decreased their immobility time in the FST, 
when compared to 2-months old mice (2- > 12-, 18-months, p < 0.0001; 
Figure 3A). In line with this, aged Wt animals also increased their 
latency of time to immobility (2- < 12-, 18-months, p < 0.0001), 
suggesting that aging does not promote a depressive-like behavior 
(Figure 3B). Notably, aged LCN2-null mice also decreased the time 
spent immobile, when comparing to 2-months old null mice (2- > 12-, 
18-months, p < 0.0001; Figure  3A), and increased their latency to 

immobility (2- > 12-months, p = 0.0005; 2- > 18-months, p < 0.0001; 
Figure 3B). Still, animals presented a depressive-like phenotype when 
compared to Wt age-matched animals (immobility time—Wt versus 
LCN2-null: 12-months, p = 0.0005; 18-months, p = 0.09; latency—Wt 
versus LCN2-null: 12-months, p < 0.0001; 18-months, p = 0.05).

Together, this suggests that learned helplessness in the FST 
revealed an age-related decrease in depressive-like behavior in both 
group of animals, but still LCN2-null mice sustained a depressive-like 
behavior across the aging process (Figure 3C).

Spatial learning and contextual 
discrimination are affected through the 
course of aging

To examine age-related changes in spatial learning and memory, 
we tested the animals, at the different ages, in the MWM paradigm. In 
this task, all animals, regardless of the genotype, learned to find the 
position of the hidden platform, as they improved the time required 
to find it along the 4 days of the test (Figure 4A). The only difference 
obtained concerned the behavioral performance of 2-months old 
LCN2-null mice on the day 2 of testing (p = 0.0002), in accordance to 
what we have previously reported (Ferreira et al., 2013). Moreover, the 
specific analysis of the learning process of Wt animals revealed that it 
was affected by aging (F5,53 = 3.06, p = 0.02). We observed a higher 
latency of time required by 12- and 18-months old Wt mice to reach 
the hidden platform, more evident on the second day of testing 
(12- > 2-months, p = 0.02; 18- > 2-months, p = 0.005; Figure 4B). On the 
other hand, the learning profile of LCN2-null mice remained similar 
across ages (F2,33 = 0.69, p = 0.51; Figure  4B): the observed 
compromised spatial learning of LCN2-null mice at 2-months old 
persisted throughout the aging process (Figure 4B). Although aging 
induced memory and learning deficits in Wt mice, LCN2-null animals 

A B C

FIGURE 3

Wt and lipocalin-2 (LCN2)-null mice depressive-like behavior in the course of aging. (A) Depressive-like behavior evaluated as learned helplessness in 
the forced-swim test (FST) revealed decreased immobility time in older Wt and LCN2-null mice, with null aged mice continuing to present a 
depressive-like behavior (n = 10–12 mice per group). (B) Mood alterations in older mice were also observed by the latency of time to immobility. 
(C) Depressive-like behavior in the progress of aging remains in LCN2-null mice, compared to controls, while older Wt animals decreased their 
immobility time. Data are presented as mean ± SEM, analyzed by two-way ANOVA with Bonferroni’s multiple comparison test. ΦDenotes differences 
between young and aged Wt mice; #between differences between young and aged LCN2-null mice; *between Wt and LCN2-null mice at each 
matched age. *p ≤ 0.05, ##p ≤ 0.01, ***p ≤ 0.001, ΦΦΦΦ, ####, ****p ≤ 0.0001.
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required always increased time to find the platform in the MWM task 
(Figure 4C). Altogether, the increased latency of time in the MWM 
indicates that spatial learning performances decreased during aging 
in Wt conditions, remaining poorer in LCN2-null mice (as depicted 
in Figure 4C).

Additionally, to the MWM test, we have also used the CFC to 
assess contextual discrimination, as a measure of fear memory. After 
training the animals to a cued conditioning task, animals were 
re-exposed to the conditioning context and freezing behavior was 
scored as a measure of memory contextual retrieval. Analysis of the 
effect of age in the freezing time revealed that it significantly 
influenced animal’s performance (age effect: F2,34 = 20.83, p < 0.0001). 
Specifically, we observed that older Wt animals significantly decreased 
their freezing behavior, in comparison to younger animals 
(12- < 2-months, p < 0.0001; 18- < 2-months, p = 0.02; Figure 4D). On 
the other hand, freezing behavior of LCN2-null mice remained similar 
throughout ages. The decreased freezing behavior observed already at 
2-months old (Wt versus LCN2-null, p = 0.0005) persisted in aged null 
animals [more pronounced in 12-months animals (12- < 2-months, 
p = 0.02; Figure 4D)]. In addition, analysis of contextual discrimination 

index, after presentation of a novel context, revealed that aging 
affected discrimination indexes. Similarly, for contextual retrieval, 
aging significantly decreased the index of contextual discrimination 
in Wt animals (12- < 2-months, p = 0.05; Figures 4E,F), while LCN2-
null mice presented the same ratios of contextual discrimination 
across ages, similar to younger animals (Wt versus LCN2-null: 
2-months, p = 0.001; Figure 4E). Aging significantly affected the ability 
of animals to discriminative different contexts presentation, thus 
influencing fear memory (Figure 4F).

The generation of newborn neurons in the 
hippocampus decreases with aging

In order to disclose the contribution of hippocampal plasticity to 
the described age-related alterations in behavior, in both Wt and 
LCN2-null mice, we next analyzed the generation of adult newborn 
neurons in the DG of the hippocampus. With this purpose, animals 
at the described ages were daily injected with BrdU for 5 days, followed 
by a chase period of 28 days (Figure 5A). Density of BrdU+ cells in the 

A B C

D E F

FIGURE 4

Spatial learning and memory retrieval and consolidation decreases during normal aging. (A) Analysis of spatial learning and memory in the Morris water 
maze (MWM) test revealed that all groups learned to find the position of the hidden platform across the 4 days of acquisition. (B) Older Wt mice 
required more time to find the platform, while lipocalin-2 (LCN2)-null animals presented similar impaired learning curves throughout aging (n = 10–12 
mice per group). (C) Cognitive deficits in the course of normal aging, measured by the reduced latency of time in the MWM. (D) Freezing behavior 
upon re-exposure to conditioning context revealed a major effect of aging in Wt animals, as freezing behavior decreased in older animals. (E) Impaired 
memory retrieval and consolidation was confirmed by the decreased ratio of discrimination index in aged Wt mice, which was sustained in LCN2-null 
mice throughout aging (n = 10–12 mice per group). (F) Impaired contextual discrimination along aging in Wt and LCN2-null mice. Data are presented as 
mean ± SEM, analyzed by two-way ANOVA with Bonferroni’s multiple comparison test. ΦDenotes differences between young and aged Wt mice; 
#between differences between young and aged LCN2-null mice; *between Wt and LCN2-null mice at each matched age. Φ, #p ≤ 0.05, ΦΦΦΦp ≤ 0.0001, 
***p ≤ 0.001.
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DG, as a mean of cell survival, revealed a significant effect of aging 
(F1,13 = 246.3, p < 0.0001). Animals at 12-months of age presented a 
significant decrease in the number of labeled survival cells (Figure 5B). 
Both Wt and LCN2-null mice, in comparison to younger animals, 
presented a significant decreased in the total number of BrdU+ cells in 
the DG (Wt: 12- < 2-months, p < 0.0001; LCN2-null mice: 
12- < 2-months, p < 0.0001; Figure  5B). Despite the observed 
significant decreased cell survival in LCN2-null animals at 2-months 
(Wt versus LCN2-null, p = 0.002), it was evident that this cell 
population was similarly affected during the course of the aging 
process, as in the Wt animals.

Additionally, analysis of the percentage of newborn neurons 
generated in the DG, within the 28-day period of labeling, showed 
that aging significantly impaired the formation of new neurons 
(F1,14 = 28.50, p < 0.0001). Specifically, aged Wt mice presented a 
significant reduction in the percentage of newborn neurons 
(12- < 2-months, p = 0.0007; Figure 5C), similarly observed in LCN2-
null mice at 12-months of age (12- < 2-months, p = 0.02; Figure 5C). 
Again, despite the observed impairments at 2-months in LCN2-null 
mice (Wt versus LCN2-null, p = 0.02), cell differentiation was 
significantly affected by aging.

Discussion

In the present study, we evaluated the impact of aging in several 
dimensions of animal behavior, including mood, anxiety and 
cognition, and upon the absence of LCN2. Moreover, we evaluated 
brain plasticity in the form of hippocampal neurogenesis as one of the 
neurobiological mechanisms playing a more determining role in the 
observed behavioral outcomes across aging. Our results indicate that 
aged Wt animals presented progressive cognitive deficits, in both 
contextual discrimination and spatial learning, but not of anxiety and 
learned helplessness, when comparing to behavioral performances at 
younger ages (Figure 6). Similarly, the effects of LCN2 absence in 

learned helplessness and cognition, already observed at 2-months of 
age (Ferreira et al., 2013), were sustained throughout aging (Figure 6). 
The exception concerned the anxiety domain, since the time spent in 
the open arms by LCN2-null mice increased with aging (Figure 6). 
Moreover, age also significantly impacted on hippocampal 
neurogenesis, in both Wt and LCN2-null mice, as seen by the 
prominent decrease in cell survival and in the generation of 
new neurons.

Evaluation of anxiety-like behavior along the process of aging 
revealed that 12-months old Wt mice present an anxious-like behavior, 
when compared to younger mice. However, at later ages, a reduced 
anxiety was observed (Figure 6). This reduction was independent of 
LCN2, since aged LCN2-null mice, at both EPM and light/dark box 
tests, decreased the time spent in the open arms and in the light 
compartment, respectively. Although not so evident in aged Wt mice 
(Figure  6), our observations are similar to what others have also 
reported when analyzing age-related changes in C57BL/6 J mice 
behavior (Shoji et al., 2016; Botton et al., 2017). Particularly for the 
EPM, some authors speculate that the decrease in the time spent in 
the open arms of the maze, as we demonstrated here for our LCN2-
null mice aging cohort, may reflect an increased panic-like escape 
response to the novel environment (Holmes et al., 2000; Hattori et al., 
2012). Moreover, anxiety-like behavior assessments in aged mice are 
described to be test-dependent: a same cohort of aged animals, that 
were less anxious in the EPM, showed aversive behavior to the center 
area of the open field test (Botton et al., 2017). These differences have 
been attributed to the sensitivity of anxiety responses inherent to each 
behavioral apparatus, which also varies with age (Botton et al., 2017). 
Nevertheless, here we observed the same phenotype on both EPM and 
light/dark box test (at least for the 18-months timepoint) in LCN2-
null animals.

Regarding depressive-like behavioral domain, while some 
hypothesis in the literature suggest that aging is associated with an 
increased risk of depression (Hattori et al., 2012), some inconsistences 
are also reported on the effects of aging in this type of behavior 

A B C D

FIGURE 5

Aging reduces hippocampal neurogenesis in both Wt and lipocalin-2 (LCN2)-null animals. (A) Schematic diagram of the BrdU protocol used to label 
cell survival and neuronal differentiation. (B) Quantification of total number of BrdU+ cells in the DG of Wt and LCN2-null mice disclosed a significant 
effect of aging in cell survival (n = 4–5 mice per group). (C) Percentage of newly born neurons are significantly affected by aging, independently of 
animal’s genotype. (D) Representative images of BrdU and NeuN staining in the DG of Wt and LCN2-null mice. Data are presented as mean ± SEM, 
analyzed by two-way ANOVA with Bonferroni’s multiple comparison test. ΦDenotes differences between young and aged Wt mice; #between 
differences between young and aged LCN2-null mice; *between Wt and LCN2-null mice at each matched age. #,*p ≤ 0.05, **p ≤ 0.01, ΦΦΦp ≤ 0.001; ΦΦΦΦ, 

####p ≤ 0.0001. IHC, immunohistochemistry.
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(Godbout et al., 2008; Malatynska et al., 2012; Shoji et al., 2016). The 
described contradictions have been mainly attributed to the different 
ages used, animal species and strains, or even to behavioral procedures. 
While some described a lack of affective deficits in 18-months old 
C57BL/6 mice in the FST (Malatynska et al., 2012), others reported 
that immobility time in the FST decreases from young adulthood to 
middle age [8–12-months old; (Shoji et al., 2016)]. In fact, our results 
are in agreement, as we observed decreased immobility time at 12- 
and 18-months of age, when compared to the younger ages (Figure 6), 
in both Wt and LCN2-null mice. This decrease might be explained by 
the fact that the same animals also decreased their anxiety across ages 
(although only evident in Wt mice at 18-months). In addition, several 
factors are able to influence FST performance (Bogdanova et al., 2013) 
as for instance the levels of corticosterone in the day of the test 
(Martínez-Mota et al., 2011). In addition, it was previously suggested 
that FST is a suitable model to evaluate depressive-like behaviors in 
prepubertal rats and that the changes in corticosterone and gonadal 
hormones could mediate the sex and age differences in the behavioral 
responses in the FST (Martínez-Mota et al., 2011). It is well known 
that increased anxiety is an important feature of depressive states, and 
the observed decreased anxiety, at least for the LCN2-null mice, may 
account to the reduced behavioral despair observed in the FST by aged 
mice. Still, and even though the immobility time in LCN2-null mice 
decreased with age, learned helplessness persisted in aged mice 
(Figure 6) when compared to aged-matched Wt mice, which may 
suggest a putative involvement of LCN2  in late depression. The 
prevalence of depression is elevated in older people (Glaesmer et al., 
2011) and, taking into consideration our results, aged LCN2-null mice 
could constitute an effective animal model to explore putative novel 
therapeutic approaches in late-life depression. In fact, increased LCN2 
plasma levels were observed in depressed older patients, proposing 
LCN2 as a marker in the pathophysiology of late-life depression 
(Naude et al., 2013).

One prominent feature associated with aging, and extensively 
explored and reported in aged animal models, concerns the 

progressive loss of cognitive functions, especially in certain types of 
learning and memory (Bach et al., 1999). In line with other reports 
(Magnusson et  al., 2003; Bergado et  al., 2011; Shoji et  al., 2016), 
we here observed, in Wt mice, an aged-related spatial learning and 
memory defect in the MWM task (Figure 6). In contrast, LCN2-null 
mice performance was sustained throughout aging (Figure 6). The 
very mild behavioral performance presented by LCN2-null mice at 
2-months of age (Ferreira et al., 2013) remained the same, regardless 
of the aging process. Of interest the impairment of the LCN2-null 
mice in the hippocampal spatial learning and memory is very mild 
and only verified at day 2 of the MWM training phase protocol. This 
data is also in accordance with Dekens et al., in which it was shown 
that, LCN2-null mice showed significantly slower MWM learning 
curves compared to WT mice, possibly indicating mild memory 
impairment during the training phase (Dekens et  al., 2018). In 
addition, it was previously demonstrated, that LCN2-null mice 
performed similar to WT mice in the first and second probe trial and 
so, we cannot describe here an alteration in memory (Ferreira et al., 
2013; Dekens et al., 2018). Moreover, when tested for contextual fear 
memory, a more DG-dependent task, age-related deficits in the ability 
to discriminate between contexts was observed in both genotypes. 
With age, Wt mice decreased their contextual discrimination, as 
observed by the impaired discrimination indexes, while LCN2-null 
mice, similarly to the MWM performance, presented a constant 
impaired contextual discrimination across aging (Figure 6). These 
findings are, in fact, relevant and should be  contemplated when 
considering the usage of LCN2 levels as predictors of cognitive 
impairments. The description of increased LCN2 plasma levels during 
mild-cognitive impairment, and the consequent suggestion that it 
might be  helpful in predicting the progression of this state to 
Alzheimer’s disease (Choi et al., 2011), should be considered with 
caution in light of the present results.

Associated with age-related poor cognitive performances are also 
the descriptions of functional changes in the hippocampus, the brain 
region mostly involved in learning and memory (Jarrard, 1995). 

FIGURE 6

Schematic representation on the progression of the behavioral dimensions assessed throughout aging, in both Wt and lipocalin-2 (LCN2)-null mice. 
Comparison of behavioral performances of aged animals with younger ages revealed that aging, in Wt mice, slightly decreased their anxiety state at 
18-months (as observed by the increased open arms time), but did not promote depressive-like behaviors (immobility time is decreased). Cognitive 
domains, both spatial learning and contextual discrimination, was significantly impaired with aging. On the other hand, aged LCN2-null mice sustained 
their impaired behavior observed already at 2-months of age, specifically in depressive-like behavior and cognitive domains, with the exception of 
anxiety that was significantly decreased (represented as the increased in the time spent in the open arms).
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Alterations include hippocampus structural atrophy (Small et  al., 
2002) and decreased volume (Mattson and Magnus, 2006), as well as 
reduced hippocampal neurogenesis (Kuhn et al., 1996) and synaptic 
plasticity (Barnes, 1994). In fact, deficits in hippocampal long-term 
potentiation (LTP) imposed by aging have been correlated with 
defects in spatial memory (Bach et al., 1999; Barnes, 2003). In this 
sense, it is interest to observe that LCN2-null mice, at 2-months of age, 
were described to present neuronal atrophy in the dorsal hippocampus 
and synaptic impairments in hippocampal LTP (Ferreira et al., 2013). 
Even though we do not know if this is the case, these differences may 
be accounting to the sustained impaired cognitive function described. 
We can only speculate that these impairments might persist until older 
ages and, therefore, contribute for the cognitive decline maintenance 
in these animals. Nevertheless, further electrophysiological 
assessments and morphological reconstructions would be required to 
confirm this. Other signs of age-associate decline in hippocampal 
plasticity include hippocampal neurogenesis, which diminishes with 
aging (Kuhn et  al., 1996; Heine et  al., 2004). Hippocampal 
neurogenesis largely contributes to cognition and memory and, in 
fact, age-related decreased hippocampal neurogenesis has been 
suggested as the basis for learning and memory decline (Bizon et al., 
2004) and impaired contextual discrimination (Moyer and Brown, 
2006) during aging. In accordance, our descriptions of impaired 
learning and cognition and fear memory in aging were further 
accompanied by a decreased cell survival and neuronal differentiation 
in the hippocampus of aged mice. Herein, we only performed the 
analysis of the newborn neurons in 2- and 12-month-old mice, which 
is certainly a limitation of the study, this is certainly a great contributor 
to the observed impaired phenotypes. However, in the future, the 
quantification of newborn neurons also in the 18-month-old mice, to 
correlate the information with the behavioral outcomes, will 
be  relevant. Moreover, we  have recently reported LCN2 to be  an 
important regulator of hippocampal neurogenesis (Ferreira et  al., 
2018). In young LCN2-null mice, decreased neurogenesis contributes 
to impaired contextual discriminative behaviors (Ferreira et al., 2018). 
Still, and although the generation of newborn neurons similarly 
decreased in aged LCN2-null DG, as in the Wt, this did not translate 
into a worsen cognitive phenotype. Probably, in this case, is not just a 
matter of down-regulated neurogenesis but rather of impaired 
functionality of the new neurons added into the hippocampal 
circuitry. Moreover, oxidative stress imposed by the absence of LCN2, 
as we have previously described to impair neurogenesis and contextual 
discrimination at younger ages (Ferreira et al., 2018), may also account 
for the sustained impaired behavior in aging. Oxidative stress is also 
considered to underlie aging-related cognitive impairments and 
degeneration (Nicolle et al., 2001; Hu et al., 2006).

Concluding remarks

With the average age of the world’s population rapidly rising 
(United Nations World Population Aging, 2013), the need for studies 
investigating aging-related cognitive impairments has become 
increasingly important. In the literature, the usage of animal models 
of aging has proven useful not only for understanding the aging 
process, but also for understanding the functioning of the 
hippocampus. In addition, the plasticity and regeneration capacity 
intrinsic to the hippocampus, in part explained by the neurogenesis 

process, opens novel perspectives on the neurobiology of aging. 
We believe that, with the present report, we have contributed to this 
field, by describing the behavioral performance of Wt mice during the 
process of aging, in addition to the elucidation on how a single protein 
involved in plasticity modulation contributes to such process.
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