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Mounting evidence shows that chronic stress can affect both the structure and function
of the brain resulting in decreased synaptic plasticity and cognitive dysfunction. Although
several studies have indicated that aged brains are more vulnerable to chronic stress,
it remains unknown how to prevent stress-induced memory deficits in aged animals.
Neuroinflammation plays an important role in the pathogenesis of chronic stress-
related brain dysfunction. Receptor-interacting protein 1 (RIP1) is a key molecule
that can modulate inflammation, apoptosis, and necroptosis. Here, we investigated
whether inhibiting RIP1 using necrostatin-1 during chronic stress could improve chronic
stress-related brain dysfunction in D-galactose-induced aging mice. The stressed mice
underwent restraint stress for 14 days. Necrostatin-1 (6.25 mg/kg) or vehicle was
administered intraperitoneally once every 3 days during the stress period. Locomotor
activity was tested using the open field test and cognitive function was assessed using
the novel object recognition and Barnes maze tests. The hippocampus was collected to
assess neuroinflammation (Iba1, IL-1α, IL-1β, TNF-α, and C1q), necroptosis [RIP1, RIP3,
mixed lineage kinase domain-like (MLKL), and NF-κB], neuroplasticity (doublecortin,
NR1, NR2A, NR2B, GluA1, and GluA2), and the expression of glucocorticoid and
mineralocorticoid receptors. Blood samples were collected to quantify the levels of
corticosterone. We found that chronic stress induced obvious memory impairment and
neuroinflammation, decreased neurogenesis and GluA2 expression, and increased the
expression of RIP1 and NF-κB. Inhibiting RIP1 by necrostatin-1 during chronic stress
rescued the memory impairment and alleviated the pathological changes induced by
stress. These suggest that inhibiting RIP1 using necrostatin-1 improves chronic stress-
related brain dysfunction in D-galactose-induced aging mice. The potential mechanisms
include limitation of neuroinflammation and the rescue of neurogenesis and GluA2
expression.

Keywords: cognitive impairment, D-galactose, neuroinflammation, RIP1, stress

Frontiers in Behavioral Neuroscience | www.frontiersin.org 1 October 2018 | Volume 12 | Article 234

https://www.frontiersin.org/journals/behavioral-neuroscience/
https://www.frontiersin.org/journals/behavioral-neuroscience#editorial-board
https://www.frontiersin.org/journals/behavioral-neuroscience#editorial-board
https://doi.org/10.3389/fnbeh.2018.00234
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnbeh.2018.00234
http://crossmark.crossref.org/dialog/?doi=10.3389/fnbeh.2018.00234&domain=pdf&date_stamp=2018-10-09
https://www.frontiersin.org/articles/10.3389/fnbeh.2018.00234/full
http://loop.frontiersin.org/people/586076/overview
http://loop.frontiersin.org/people/547843/overview
https://www.frontiersin.org/journals/behavioral-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


fnbeh-12-00234 October 5, 2018 Time: 14:6 # 2

Qing et al. Necrostatin-1 Alleviate Stress Induced Impairments

INTRODUCTION

Chronic stress causes serious health problems in humans (Lupien
et al., 2018). It is closely associated with brain dysfunction,
including impairments of learning and memory (Sindi et al.,
2017), depression (Mahar et al., 2014), anxiety (Herbison et al.,
2017), and antisocial behaviors (Tielbeek et al., 2018). Moreover,
stress has also been linked to late-onset Alzheimer’s disease
(Machado et al., 2014). Activation of the hypothalamic–pituitary–
adrenocortical (HPA) axis is the critical response during stress
(Cacioppo et al., 2015). Over activation of the HPA axis and
prolonged exposure to glucocorticoids are thought to exert toxic
effects on the central nervous system (CNS) (Marin et al., 2011).
However, moderate stress is necessary for survival, motivation,
and positive striving (Epel and Lithgow, 2014). Thus, targeting
HPA axis has obvious side effects during the prevention and
treatment of chronic stress-related brain impairments. It is more
reasonable to target non-HPA axis mechanisms in order to
prevent chronic stress-related impairments.

Neuroinflammation induced by chronic stress plays an
important role in chronic stress-related brain impairment. For
example, Goshen et al. (2008) found that chronic mild stress
increased the level of the inflammatory factor interleukin (IL)-
1β in the hippocampus and induced depressive-like symptoms.
Blocking IL-1 signal prevented the occurrence of depressive-
like symptoms in mice that underwent chronic stress (Goshen
et al., 2008). Liu et al. (2015) found that chronic unpredictable
stress impaired spatial memory and hippocampal long-term
potentiation, and activated the microglia. Inhibiting microglial
activation using minocycline alleviated chronic stress-induced
impairment of memory and hippocampal long-term potentiation
(Liu et al., 2015). These studies demonstrated that limiting sterile
neuroinflammation during chronic stress can prevent or alleviate
brain dysfunction induced by chronic stress. However, limiting
sterile neuroinflammation during chronic stress is challenging
due to the blood–brain barrier and the lack of a molecular target
and specific drugs.

Receptor-interacting protein 1 (RIP1) is a key molecule with
multiple functions. It is a crucial upstream regulator of mixed
lineage kinase domain-like (MLKL)-dependent necroptosis
(Degterev et al., 2005, 2008) and caspase-8-dependent apoptosis
(Holler et al., 2000) in response to stimuli such as tumour necrosis
factor (TNF) and ligands of Toll-like receptors. Furthermore,
RIP1 has also been implicated in the regulation of inflammation
(Ting et al., 1996) independent of apoptosis and necroptosis.
Recently, Christofferson et al. (2012) found a novel TNFα

production pathway in an RIP1 kinase-dependent manner. The
inhibition of RIP1 using necrostatin-1 completely blocked the
production of TNFα (Christofferson et al., 2012). Ofengeim et al.
(2017) found that RIP1 activation increased in the microglia
of brains during Alzheimer’s disease. Inhibiting RIP1 activation
alleviated neuroinflammation and cognitive impairments during
Alzheimer’s disease (Ofengeim et al., 2017). These suggest that
inhibiting RIP1 can limit inflammation signaling. Therefore, in
this study, we investigated if inhibiting RIP1 could alleviate the
effects of chronic stress on the function of the aged brain by
limiting neuroinflammation.

Recently, several studies have indicated that the consequence
of stress may be dependent on the stage of brain development
(Barnum et al., 2012; Naninck et al., 2015; Kingsbury et al.,
2016; Lin et al., 2016; Lesse et al., 2017). The aged brain may
be more vulnerable to chronic stress (Prenderville et al., 2015).
Regrettably, the impact of chronic stress in aged animals has not
been studied in great detail. It remains unknown how to alleviate
stress-induced memory deficits in aged animals effectively. It
is well known that the injection of D-galactose provides a
model for aging, and this induces and accelerates senescence in
rodents (Ali et al., 2015; Rehman et al., 2017; Salehpour et al.,
2017; Shwe et al., 2017). In this study, we induced aged mice
via the intraperitoneal injection of D-galactose for 2 months
and evaluated the effects and mechanisms of inhibiting RIP1
using necrostatin-1 on brain dysfunction induced by chronic
restraint stress in D-galactose-induced aging mice. We found
that inhibiting RIP1 using necrostatin-1 during chronic stress
limited neuroinflammation, increased neurogenesis and GluA2
expression, and finally improved memory impairment.

MATERIALS AND METHODS

Animals
Eight-week-old C57BL/6J male mice were used. Animals were
group-housed in a quiet, uncrowded facility on a 12 h light/dark
cycle (lights on at 7:00 AM, off at 7:00 PM), with ad libitum
access to lab chow and water. Experiments were performed in
accordance with the National Institutes of Health guidelines on
laboratory animal welfare and approved by the Animal Ethics
Committee of the Third Xiangya Hospital [Changsha, China, No.
LLSC (LA) 2017-004]. All the experiments were conducted to
minimize the number of animals used and their suffering.

Experimental Groups
The mice were given intraperitoneal (i.p.) injection of D-galactose
(800 mg/kg/day, Sigma-Aldrich Co., MO, United States), once
daily for 60 days. Subsequently, the mice were divided into the
following groups:

Group C: group that received natural drink and food with
no intervention.
Group C+nec-1: group that received necrostatin-1
(6.25 mg/kg, i.p.), once every 3 days.
Group S+DMSO: group subjected to repeated restraint
stress for 14 days, and received DMSO [2.5% dimethyl
sulfoxide (DMSO) in phosphate-buffered saline (PBS)]
during the stress period, once every 3 days.
Group S+nec-1: group subjected to repeated restraint
stress for 14 days, and received necrostatin-1 (6.25 mg/kg,
i.p.) during the stress period, once every 3 days.

Administration of Drugs
Necrostatin-1
We first dissolved the necrostatin-1 in DMSO to prepare stock
solutions with concentration 25 µg/µl. The stock solution
was diluted 40 times with sterile PBS before use in order to

Frontiers in Behavioral Neuroscience | www.frontiersin.org 2 October 2018 | Volume 12 | Article 234

https://www.frontiersin.org/journals/behavioral-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


fnbeh-12-00234 October 5, 2018 Time: 14:6 # 3

Qing et al. Necrostatin-1 Alleviate Stress Induced Impairments

obtain 2.5% DMSO and 0.625 µg/µl necrostatin-1. Subsequently,
necrostatin-1 was administered by intraperitoneal injection
(6.25 mg/kg) during the stress period, once every 3 days (Yang
et al., 2017).

DMSO
We diluted the DMSO with sterile PBS to obtain 2.5% DMSO.
This was then administered by intraperitoneal injection during
the stress period, once every 3 days. The volume was similar to
that of necrostatin-1.

Repeated Restraint Stress
The mice were subjected to restraint stress in 50 ml conical
centrifuge tubes with multiple punctures to allow ventilation.
Mice were held horizontally in the tubes without food and water
from 6:00 PM to 9:00 AM for 2 weeks (Liu et al., 2012). Schedules
for applying restraint stress and performing cognition function
tests are illustrated in Figure 1A.

Open Field Test
Locomotor activity was measured in a 50 cm × 50 cm open field
arena (50 cm × 50 cm × 38 cm, length × width × height).
The mice were placed in the center of the apparatus and their
locomotor behaviors were recorded for 5 min using a digital
camera. Horizontal locomotor activity was expressed as the
total ambulatory distance. The open field chamber was cleaned
between trials with a 75% alcohol solution.

Novel Object Recognition Test
Novel object recognition experiments were conducted in a
30 cm × 30 cm × 20 cm field arena. For the object recognition
test, we adapted a protocol previously described in several studies
(Bevins and Besheer, 2006; Leger et al., 2013; Briz et al., 2017;
Volmar et al., 2017). The test comprised training and testing
phases. In the training phase, two identical objects were placed
equidistant from the center of the arena, and equidistant from the
arena walls. The mice were placed in the arena with their heads
positioned opposite to the two identical objects and allowed
to freely explore the objects for 10 min. In the testing phase,
mice were allowed to explore the arena that contained one
of the familiar objects and a novel object for 10 min. The
objects and the chamber were cleaned between trials with a
75% alcohol solution. To compare cognition in the normal adult
mice (vehicle injection) with that in the D-galactose-induced
aging mice (Supplementary Material), the interval between the
training and testing phases was 24 h. In order to evaluate
differences in different treatments in D-galactose-induced aging
mice (Figure 1), a 2-h interval was used. This test is based on the
spontaneous tendency of rodents to spend more time exploring a
novel object than a familiar one. The exploration time of the novel
object is used to assess the learning and recognition memory. The
preference index was defined as (novel object investigation time–
familiar object investigation time)/(novel object investigation
time+ familiar object investigation time).

Barnes Maze Test
For spatial learning and memory assessment we used a 122-cm
diameter Barnes maze elevated 140 cm above the floor and that
contains 20 holes, each 5 cm in diameter, located evenly on the
periphery of the surface. One of these holes was connected to
a dark chamber called target box, which allowed the mouse to
escape from an aversive bright light (200 W) (Akman et al., 2015;
Wang et al., 2017). Animals were firstly placed in a black cylinder
at the center of the maze for 15 s. Subsequently, the cylinder was
removed and the mouse explored the maze until it found and
entered the target box. It was led to the target box if it failed
to do so within 3 min. Each mouse was allowed to remain in
the target box for 1 min and then returned to the home cage.
Each mouse underwent three trials per day with 15 min intervals
between trials. The test lasted for 4 consecutive days. Between
tests, the Barnes maze was cleaned with 75% alcohol solution to
avoid olfactory cues. The number of incorrect hole investigation
(termed error) during each trial was recorded.

Immunohistochemistry
Mice were anesthetized with inhaled sevoflurane, and perfused
transcardially with 0.01 M PBS to clear blood from body, then
perfused with 4% paraformaldehyde solution to fix the tissue.
Subsequently, the brains were removed and further fixed in
4% paraformaldehyde for 24 h at 4◦C. Next, the brain tissues
were placed sequentially in 15 and 30% sucrose in 0.01 M
PBS at 4◦C for dehydration. After dehydration, the brains
were embedded in optimum cutting temperature compound
(OCT), and coronal sections of the brain (20 µm) were serially
acquired using a freezing sliding microtome (Leica CM1950,
Wetzlar, Germany). For immunohistochemical detection of
ionized calcium binding adaptor molecule 1 (Iba1) and DCX,
free-floating sections of hippocampal tissues were washed in PBS,
followed by incubation with 3% hydrogen peroxide (H2O2) in
0.1 M PBS for 10 min and 5% bovine serum albumin (BSA,
Sigma, MO, United States) in 0.1 M PBS containing 0.3% Triton
X-100 for 1 h. Specimens were incubated overnight at 4◦C
with diluted rabbit anti-Iba-1 (Wako, Japan) and rabbit anti-
DCX (Cell signalling technology, Danvers, United States) both
at a dilution of 1:1000. Subsequently, specimens were washed in
PBS, and exposed to the corresponding biotinylated secondary
antibody (Vector Laboratories, United States) at a dilution of
1:200 for 2 h. Detection of immunostaining was performed using
the ABC Elite kit (Vector Laboratories, United States) and DAB
kit (Beijing Zhongshan Jinqiao Biological Technology Co., Ltd.,
China). Finally, the specimens were dehydrated, cleared, and
mounted. The photographs were obtained using a microscope
(Nikon, Tokyo, Japan) and analyzed. For the Iba1 staining, the
percent of activated microglia in the CA1 were determined using
a previously reported method (Cerbai et al., 2012; Zhang et al.,
2017b). In accordance with the report, resting microglia was
defined as cells with small, round cell bodies with thin and
highly ramified branches equally distributed around the cell body.
Activated microglia were characterized as cells with pleomorphic
bi- or tri- polar cell bodies, or spindle/rod-shaped cell bodies,
with branches which were shortened, twisted, or displayed no
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FIGURE 1 | Inhibiting RIP1 using necrostatin-1 alleviated the brain dysfunction induced by chronic stress in D-galactose-induced aging mice. (A) Schedule of drug
administration, restraint stress, and behavior test. Eight-week-old male C57BL/6J mice were intraperitoneally injected with D-galactose (800 mg/kg/day) once daily
for 60 days. Subsequently, some mice were exposed to repeated restraint stress for 14 days. The mice were injected with necrostatin-1 (6.25 mg/kg) or vehicle
(2.5% DMSO in PBS) once every 3 days during the stress period. (B) No obvious difference was detected among the four groups in the open field test
[F(3,39) = 0.01539, p = 0.997] (n = 10–12/group). Data are presented as mean ± standard error of mean (SEM). (C) In the novel object recognition test, the
preference index of the S+DMSO group was significantly less than that of the C, C+nec-1, and S+nec-1 groups (S+DMSO vs. C: p < 0.05; S+DMSO vs. C+nec-1:
p < 0.01; S+DMSO vs. S+nec-1: p < 0.01). (D) In the Barnes maze test, the errors made by the S+DMSO group were significantly more than those of the C,
C+nec-1, and S+nec-1 groups (S+DMSO vs. C: p = 0.004; S+DMSO vs. C+nec-1: p = 0.0473; S+DMSO vs. S+nec-1: p = 0.0187, analyzed using repeated
measures ANOVA). Data are presented as mean ± SEM. ∗p < 0.05; ∗∗p < 0.01; n = 10–12/group.

ramification. For the DCX staining, DCX+ cells were counted
in subgranular zone (SGZ) of the entire dentate gyrus (DG). The
number of DCX+ cells was expressed as the number of cells in the
hippocampal SGZ per section. Data were analyzed by a trained
technician who was blinded to experimental conditions.

Western Blot
Hippocampal tissues were homogenized with NP40 buffer
containing 1% protease inhibitors and 1% phosphatase
inhibitor (Sigma-Aldrich Co., MO, United States), followed
by centrifugation at 12,000 g for 20 min at 4◦C. The supernatant
of the hippocampal homogenate was then collected. The protein
concentration was determined using the bicinchoninic acid
(BCA) protein assay kit (CWBio, China). Equal amounts of
protein were subjected to sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and subsequently transferred to the PVDF
membrane (Bio-Rad, CA, United States). The membranes were
blocked for 1 h with 5% non-fat milk, followed by incubation

with the primary antibody of anti-RIP1 (1:200, Cell signalling
technology, Danvers, United States) and either RIP3, MLKL,
or anti-NF-κB antibody (1:1500, Abcam, MA, United States),
respectively, followed by incubation for another hour with the
IRDye R©800CW goat anti-rabbit secondary antibody (1:8000,
926-32211, LI-COR R©, United States). Immunoblotting bands
were visualized under Odyssey CLx infrared imaging systems
(LI-COR R©, United States). Protein levels were quantified by
densitometry using Image J software (National Institutes of
Health, MD, United States) and were normalized to GAPDH,
respectively.

Quantitative Real-Time Polymerase
Chain Reaction (RT-qPCR) Assay
Total RNA was extracted using the Trizol Reagent (Invitrogen,
United States) and reverse transcribed into complementary
DNA using a cDNA Synthesis Kit (GeneCopoeia, United States)
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TABLE 1 | Primers used for quantitative real-time PCR.

Target
gene

Primers Sequence (5′-3′) Amplicon
length (bp)

GAPDH Forward
Reverse

CATGGCCTTCCGTGTTCCTA
TACTTGGCAGGTTTCTCCAGG

75

IL-1α Forward
Reverse

CCCATGATCTGGAAGAGACCA
CAAACTTCTGCCTGACGAGC

99

IL-1β Forward
Reverse

TGCCACCTTTTGACAGTGATG
AAGGTCCACGGGAAAGACAC

254

TNF-α Forward
Reverse

CCACCACGCTCTTCTGTCTA
GAGGCCATTTGGGAACTTCTCATC

74

C1q Forward
Reverse

AGGACTGAAGGGCGTGAAAG
TGGACTCTCCTGGTTGGTGA

139

NR1 Forward
Reverse

CAGGTGGAGTTGAGCACCAT
ATGGGACTTGAGTATGGACAGG

255

NR2A Forward
Reverse

GCGTTCAGAAGTGGTGGACT
GAGGCGCTGAAGGGTTCAAG

117

NR2B Forward
Reverse

GATTCTGCATTGTGAGCCGC
AGCTCGTCGACTCTCTTGGT

267

GluA1 Forward
Reverse

GGACAACTCAAGCGTCCAGA
CGCCACATCTGCTCTTCCATA

271

GluA2 Forward
Reverse

CCCGGAAGATTGGGTACTGG
ACGCTCATTCCCTTCAAGCA

176

GR Forward
Reverse

GGCAAAGGCGATACCAGGATT
AGGAGCAAAGCATAGCAGGT

145

MR Forward
Reverse

GGCCAAGGTACTTCCAGGATT
CCCTGGCACAGCTCATACAT

204

according to the manufacturer’s instructions. Quantitative real-
time polymerase chain reaction (RT-qPCR) was performed with
the mRNA qPCR mix (GeneCopoeia, United States) accordingly.
Primers for all assayed genes were determined using reported
sequences as listed in Table 1. The annealing temperature was
60◦C. The reaction was performed using LightCycler R©480II
analyzer (Roche, Mannheim, Germany).

Corticosterone Measurement
For corticosterone measurement, mice were anesthetized using
sevoflurane after the 14-day stress. Subsequently, approximately
0.5 ml of blood was quickly collected from the ventriculus
dexter. Blood samples were also collected from the control group
using the same method. All the blood samples were harvested
from 9:00 to 9:30 AM. The blood samples were collected into
heparin-coated tubes. Subsequently, these tubes were centrifuged
at 3000 g at 4◦C for 10 min to collect the plasma. Collected
plasma samples were then stored at−80◦C until further analysis.
A commercially available enzyme-linked immunosorbent assay
(ELISA) kit obtained from Abcam (ab108821, United Kingdom)
was used to quantify the levels of corticosterone in the plasma.
The corticosterone measurement was performed according to the
manufacturer’s instructions.

Statistical Analysis
The data were presented as mean ± standard error of mean
(SEM) and statistical analyses were performed using SPSS
software version 18.0 (SPSS Inc., Chicago, IL, United States).
The results of the Barnes maze test were analyzed with repeated

measures analysis of variance (ANOVA). The remaining results
were statistically analyzed using one-way ANOVA with post hoc
Tukey’s multiple comparisons test. p < 0.05 was considered
statistically significant.

RESULTS

Inhibiting RIP1 Using Necrostatin-1
Alleviated Brain Dysfunction Induced by
Chronic Stress in D-Galactose-Induced
Aging Mice
We confirmed the artificial aging effects of D-galactose
(Supplementary Figure 1), which is consistent with that
reported in previous studies (Ali et al., 2015; Rehman et al., 2017;
Salehpour et al., 2017). To assess if inhibition of RIP1 could
rescue behavioral deficits of chronic stress in D-galactose-induced
aging mice, we evaluated mice behaviors using the open field
test, novel object recognition test, and Barnes maze test. In the
open field test, there was no significant difference in total travel
distance among groups C, C+nec-1, S+DMSO, and S+nec-1
[Figure 1B, one-way ANOVA, F(3,39) = 0.01539, p = 0.9974]. In
the novel object recognition test, the analysis of variance revealed
an effect of group [Figure 1C, one-way ANOVA, F(3,39) = 11.81,
p < 0.001]. Post hoc analyses confirmed that the novel object
preference of the S+DMSO group was significantly less than
that of the C, C+nec-1, and S+nec-1 groups (S+DMSO vs. C:
p < 0.05; S+DMSO vs. C+nec-1: p < 0.01; S+DMSO vs. S+nec-
1: p < 0.01). There was no difference between the C+nec-1 and
C groups (p = 0.1406). In the Barnes maze test, the repeated
measures ANOVA showed significant difference in errors among
groups [Figure 1D; F(3,39) = 5.437, p = 0.0032]. Post hoc analyses
of main effect showed that the errors made by the S+DMSO
group were significantly more than those made by the C, C+nec-
1, and S+nec-1 groups (S+DMSO vs. C: p = 0.004; S+DMSO
vs. C+nec-1: p = 0.0473; S+DMSO vs. S+nec-1: p = 0.0187).
There were no obvious differences between the C and C+nec-1
groups (p = 0.7999). Specifically, post hoc analyses of simple
effect showed that the errors made by the S+DMSO group were
significantly more than those made by the C and S+nec-1 groups
on days 2 and 3 (day 2: S+DMSO vs. C: p = 0.013; S+DMSO vs.
S+nec-1: p = 0.009, day 3: S+DMSO vs. C: p = 0.015; S+DMSO
vs. S+nec-1: p = 0.002) (Figure 1D). These results suggested
that necrostatin-1 alleviated the impairment of learning and
memory induced by chronic stress in D-galactose-induced aging
mice. Necrostatin-1 treatment had no obvious effects on the
movement, learning, and memory of the artificial aging mice.

Inhibiting RIP1 Using Necrostatin-1
Limited Neuroinflammation Induced by
Chronic Stress in D-Galactose-Induced
Aging Mice
Neuroinflammation contributes to cognitive dysfunction in
pathological conditions (Hovens et al., 2014). Activated microglia
has bigger cell bodies and shortened or twisted branches, and are
usually used to identify neuroinflammation (Zhang et al., 2017b).
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FIGURE 2 | Inhibiting RIP1 using necrostatin-1 limited neuroinflammation induced by chronic stress in D-galactose-induced aging mice. (A) Representative images
of Iba-1 staining (yellow) in the CA1. Scale bar = 50 µm. Data are expressed as the mean ± standard error of mean (SEM). ∗p < 0.05; ∗∗p < 0.01; (n = 3, one-way
ANOVA followed by Turkey’s post hoc comparisons tests). (B) qPCR analysis of mRNA levels of inflammatory factors (IL-1α, IL-1β, C1q, and TNF-α) in the
hippocampus. Data are expressed as the mean ± SEM. ∗p < 0.05; ∗∗p < 0.01; (n = 4, one-way ANOVA followed by Turkey’s post hoc comparisons tests).

In the present study, there were significant differences between
groups based on microglia activation [Figure 2A, one-way
ANOVA, F(3,12) = 10.32, p = 0.0012]. Post hoc analyses showed
that microglia in the cornu ammonis 1 (CA1) region of the
S+DMSO mice were more activated, compared to those in
the C and C+nec-1 groups (S+DMSO vs. C: p = 0.0039,
S+DMSO vs. C+nec-1: p = 0.0012). Microglia activation in the
S+nec-1 group significantly decreased (S+DMSO vs. S+nec-
1: p = 0.0235) (Figure 2A). There was no obvious difference
between the C and C+nec-1 groups (p = 0.8994). We also
measured inflammatory factors in the hippocampus using RT-
qPCR. There were significant differences between groups in the
expression of IL-1α, IL-1β, TNF-α, and C1q genes [One-way
ANOVA, IL-1α: F(3,12) = 4.837, p = 0.0197; IL-1β: F(3,12) = 7.342,
p = 0.0047; TNF-α: F(3,12) = 13.64, p = 0.0004; C1q: F(3,12) = 10.74,
p = 0.0010]. Post hoc analyses showed that the expression of
IL-1α, IL-1β, TNF-α, and C1q genes in S+DMSO mice were
significantly upregulated, compared to those in groups C (IL-
1α: p = 0.0316, IL-1β: p = 0.0073, TNF-α: p = 0.0010, and C1q:
p = 0.0045), C+nec-1 (IL-1α: p = 0.0465, IL-1β: p = 0.0164,
TNF-α: p = 0.0010, and C1q: p = 0.0026), and S+nec-1 (IL-
1α: p = 0.0419, IL-1β: p = 0.0127, TNF-α: p = 0.0013, and C1q:
p = 0.0020). No significant difference was found between the
C and C+nec-1 groups (IL-1α: p = 0.9959, IL-1β: p = 0.9645,
TNF-α: p > 0.9999, and C1q: p = 0.9884) (Figure 2B). These
results demonstrated that the inhibition of RIP1 limited the
neuroinflammation induced by chronic stress in D-galactose-
induced aging mice.

Inhibiting RIP1 Using Necrostatin-1
Limited the Upregulation of RIP1 and
NF-κB Induced by Chronic Stress in
D-Galactose-Induced Aging Mice
Receptor-interacting protein 1 can activate RIP3 and MLKL
to promote necroptosis, and induce NF-κB-dependent

inflammatory response. Thus, we detected the expression
of RIP3, MLKL, and NF-κB. There were significant differences in
RIP1 and NF-κB expression between groups [RIP1: Figure 3A,
one-way ANOVA, F(3,12) = 4.698, p = 0.0216; NF-κB: Figure 3B,
one-way ANOVA, F(3,12) = 6.789, p = 0.0063]. Post hoc analyses
showed that the expressions of RIP1 and NF-κB in the S+DMSO
group were significantly increased compared to those in the
C (RIP1: p = 0.0417, NF-κB: p = 0.0441), C+nec-1 (RIP1:
p = 0.0438, NF-κB: p = 0.0134), and S+nec-1 (RIP1: p = 0.0312,
NF-κB: p = 0.0077) groups. No significant differences in the
expression of RIP3 and MLKL were detected among the C,
C+nec-1, S+DMSO, and S+nec-1 groups [RIP3: Figure 3C,
one-way ANOVA, F(3,12) = 0.06404, p = 0.9779; MLKL:
Figure 3D, one-way ANOVA, F(3,12) = 0.5465, p = 0.6598]. These
suggested that necrostatin-1 limited the upregulation of RIP1
and NF-κB induced by chronic stress in D-galactose-induced
aging mice.

Effects of Inhibiting RIP1 Using
Necrostatin-1 on Neuroplasticity
Previous studies have shown that NMDA receptors, AMPA
receptors, and neurogenesis are easily impaired by chronic stress
(McEwen, 1999; Krugers et al., 2010; Egeland et al., 2015).
Thus, we evaluated the expression of NMDA receptor subunits
(NR1, NR2A, and NR2B), AMPA receptor subunits (GluA1
and GluA2), and the immature neuron marker Doublecortin
(DCX). There were significant differences in DCX expression
between groups [Figure 4A, one-way ANOVA, F(3,12) = 9.819,
p = 0.0015]. Post hoc analyses showed that DCX-positive
cell numbers in the S+DMSO group significantly decreased
(S+DMSO vs. C: p = 0.0011, S+DMSO vs. C+nec-1: p = 0.0086).
The number of DCX-positive cells in the S+nec-1 group
was significantly more than that in the S+DMSO group
(S+DMSO vs. S+nec-1: p = 0.0495). Additionally, we noted
that the numbers of AMPA receptor subunit GluA2 differed
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FIGURE 3 | Inhibiting RIP1 using necrostatin-1 limited the upregulation of RIP1 and NF-κB induced by chronic stress in D-galactose-induced aging mice. Western
blot analysis of RIP1 (A), NF-κB (B), RIP3 (C), and MLKL (D) in the hippocampus. Data are expressed as the mean ± standard error of mean (SEM). ∗p < 0.05;
∗∗p < 0.01; (n = 4, one-way ANOVA followed by Turkey’s post hoc comparisons tests).

FIGURE 4 | Effects of Inhibiting RIP1 using necrostatin-1 on neuroplasticity. (A) Representative pictures of DCX+ cells in the dentate gyrus (DG). DCX+ cells were
counted in the subgranular zone (SGZ) of the entire DG. Scale bar = 50 µm. Data are expressed as the mean ± standard error of mean (SEM). ∗p < 0.05;
∗∗p < 0.01; (n = 3, one-way ANOVA followed by Turkey’s post hoc comparisons tests). (B) qPCR analysis of mRNA levels of NMDA receptors (NR1, NR2A, and
NR2B) and AMPA receptors (GluA1 and GluA2) in the hippocampus. Data are expressed as the mean ± SEM. ∗p < 0.05; ∗∗p < 0.01; (n = 4, one-way ANOVA
followed by Turkey’s post hoc comparisons tests).

significantly between groups [one-way ANOVA, F(3,12) = 6.437,
p = 0.0076]. The GluA2 level in the S+DMSO group was
significantly lower than that in the C (p = 0.0212), C+nec-1
(p = 0.0089), and S+nec-1 (p = 0.0353) groups. No obvious
difference in NR1, NR2A, NR2B, and GluA1 was detected
among the four groups [one-way ANOVA, NR1: F(3,12) = 1.749,
p = 0.2102; NR2A: F(3,12) = 2.587, p = 0.1015; NR2B:
F(3,12) = 1.266, p = 0.3300; GluA1: F(3,12) = 0.4093, p = 0.7493]
(Figure 4B).

Inhibiting RIP1 Using Necrostatin-1 Had
No Effect on Corticosterone Level
In order to assess the effects of inhibiting RIP1 using necrostatin-
1 on stress response, we measured the corticosterone level in
the blood, and glucocorticoid and mineralocorticoid receptors
(GR and MR) mRNA expression in the hippocampus. There

were significant differences in the level of corticosterone
between groups [Figure 5A, one-way ANOVA, F(3,12) = 60.92,
p < 0.0001]. Post hoc analyses showed that stress elevated the
corticosterone level in the blood (S+DMSO vs. C: p < 0.0001;
S+nec-1 vs. C: p < 0.0001; S+DMSO vs. C+nec-1: p < 0.0001;
S+nec-1 vs. C+nec-1: p < 0.0001). However, necrostatin-1 had
no effect on the corticosterone level in the stressed mice (S+nec-
1 vs. S+DMSO: p = 0.9810). There were no significant differences
among groups in terms of the GR and MR [GR: Figure 5B, one-
way ANOVA, F(3,12) = 1.913, p = 0.1814; MR: Figure 5C, one-way
ANOVA, F(3,12) = 0.4354, p = 0.7317].

DISCUSSION

In this study, we investigated the effects of chronic restraint
stress on cognitive impairments in D-galactose-induced aging
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FIGURE 5 | Inhibiting RIP1 using necrostatin-1 had no effect on corticosterone. (A) Stress elevated the corticosterone level in the blood, but necrostatin-1 had no
effect on the level of corticosterone in stressed mice. (B) There were no significant differences among groups based on GR. (C) There were no significant differences
among groups in terms of MR. Data are expressed as the mean ± standard error of mean (SEM). ∗p < 0.05; ∗∗p < 0.01; (n = 4, one-way ANOVA followed by
Turkey’s post hoc comparisons tests).

mice, and sought to determine whether inhibiting RIP1 using
necrostatin-1 could mitigate any observed effects of stress.
We found that stressed mice displayed obvious memory
deficits, neuroinflammation, low neurogenesis, and GluA2 loss
compared to control mice in D-galactose-induced aging mice.
Administration of the RIP1 inhibitor, necrostatin-1, rescued
the memory impairments and the pathological changes induced
by chronic stress. These suggest that targeting RIP1 using
necrostatin-1 may serve as a promising method for the
prevention of impairment induced by chronic stress in aged
individuals.

Chronic stress causes serious health problems in humans
(Lupien et al., 2018). It is associated not only with depression
(Mahar et al., 2014), anxiety (Herbison et al., 2017), and antisocial
behaviors (Tielbeek et al., 2018), but also with age-related diseases
such as late-onset Alzheimer’s disease (Machado et al., 2014)
and late-life cognition impairment (Sindi et al., 2017). Aged
individuals may show decreased resilience in response to stressors
(Hidalgo et al., 2015; Prenderville et al., 2015). For instance,
stress-induced reductions in neuronal dendrites in the prefrontal
cortex can be reversed in young, but not in aged animals
(Bloss et al., 2010). Unfortunately, there is little research on
how to alleviate stress-induced memory deficits in aged animals
effectively. In the present study, we established an artificial aging
model. Subsequently, the aged mice were subjected to chronic
restraint stress. The novel object recognition test showed that
novel object preference in stressed mice significantly decreased.
In the Barnes Maze test, errors made by the stressed mice were
significantly increased. These results are in line with those of
previous studies (Vargas-Lopez et al., 2016; Shen et al., 2018).
In contrast, the memory deficits induced by chronic stress were
significantly improved in mice in the necrostatin-1 treatment
group (Figure 1). These results demonstrated that necrostatin-
1 treatment efficiently prevented cognitive impairment induced
by chronic stress in aging mice induced by D-galactose.

Previous studies showed that chronic stress induced obvious
neuroinflammation in the brain (Bhakta et al., 2017; Kim and
Won, 2017). Both the blocking of the inflammatory factor
signal and the limiting of microglia activation alleviated chronic
stress induced brain dysfunction (Goshen et al., 2008; Liu
et al., 2015). These show that limiting sterile neuroinflammation

during chronic stress could prevent or alleviate brain dysfunction
induced by chronic stress. Recent studies have shown that
RIP1 was a key regulator of inflammation, apoptosis, and
MLKL-dependent necroptosis (Linkermann and Green, 2014;
Weinlich et al., 2017). Additionally, necrostatin-1 is a highly
specific and CNS-permeable inhibitor of RIP1 kinase (Ofengeim
et al., 2017; Zhang et al., 2017a). Therefore, we assessed
the effects of inhibiting RIP1 using necrostatin-1 on brain
dysfunction induced by chronic stress in aged mice. Consistent
with previous studies, we found that chronic stress induced
obvious neuroinflammation (Figure 2) while inhibiting RIP1
using necrostatin-1 during chronic stress improved memory
impairment and limited neuroinflammation (Figures 1, 2). We
also found that necrostatin-1 did not change the expression of
RIP3 and MLKL but rather decreased the expression of RIP1
and NF-κB (Figure 3). These results suggested that necrostatin-
1 limited the chronic stress-induced neuroinflammation possibly
in an NF-κB-dependent manner.

NMDA receptor subunits (NR1, NR2A, and NR2B) and
AMPA receptor subunits (GluA1 and GluA2) are closely involved
in brain function, and are also important targets of chronic
stress (Costa-Nunes et al., 2014; Pacheco et al., 2017; Shang
et al., 2017; Arcego et al., 2018). The effects of chronic stress on
NMDA and AMPA receptors vary based on the type of stress.
For example, Pacheco et al. (2017) found that restraint stress
(2.5 h/day) for 14 days triggered an increase in NR1 protein level
in the dorsal hippocampus. Arcego et al. (2018) found that social
isolation stress increased the expression of subunit NR2A of the
NMDA receptor. In contrast, Costa-Nunes et al. (2014) found
that social defeat and predation stress increased NR2A mRNA
expression, but not the expression of NR2B and NR1 mRNA in
the hippocampus of mice. In chronic unpredictable mild stress,
the levels of NR2A and NR2B were significantly reduced (Shang
et al., 2017), the levels of GluA2 and GluA3 were significantly
elevated while the level of GluA1 was not changed (Lin et al.,
2018). In the present study, we also evaluated the expression
of NMDA receptor subunits (NR1, NR2A, and NR2B) and
AMPA receptor subunits (GluA1 and GluA2). The expression of
GluA2, but not NR1, NR2A, NR2B, and GluA1, was significantly
decreased in stressed mice. In addition, we evaluated the effects of
chronic stress on hippocampal neurogenesis, another important
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target of chronic stress (Kang et al., 2016). Chronic stress
caused a significant decrease in hippocampal neurogenesis.
Interestingly, chronic stress-induced loss of GluA2 expression
and neurogenesis were significantly restored by necrostatin-1
treatment (Figure 4). Previous studies have shown that increasing
hippocampal neurogenesis can improve pattern separation in
object recognition (Sahay et al., 2011). Penn et al. (2017) found
that GluA2 plays an important role in the maintenance of long-
term potentiation and retrieval in spatial learning (Rossner et al.,
2017). These results suggested that the rescue of neurogenesis and
GluA2 expression were the potential mechanisms underlying the
protective effect of necrostatin-1 in stressed artificial aging mice.

In addition, we measured the level of corticosterone in
the blood and the expression of GR and MR mRNA in the
hippocampus in order to assess the effects of inhibiting RIP1
using necrostatin-1 on stress response. Previous studies indicated
that stressful events resulted in the secretion of glucocorticoids
from the adrenal glands into the blood stream. Glucocorticoids
regulate stress response by binding to GR and MR. Stress is
known to reduce GR levels in adults through the epigenetic
programming of the GR promoter. It is currently unknown
whether chronic stress directly affects GR levels in aged mice
(Gjerstad et al., 2018; Mifsud and Reul, 2018). In the present
study, stress elevated the corticosterone level in the blood, which
is consistent with the results of a previously described study
(Lowrance et al., 2016). Necrostatin-1 had no effect on the
corticosterone level in stressed mice. There were no significant
differences among groups in terms of GR and MR (Figure 5).
These results indicated that necrostatin-1 did not affect the stress
response.

In the present study, we developed an artificial aging model
using D-galactose, which is widely used in the study of accelerated
aging (Ali et al., 2015; Rehman et al., 2017; Salehpour et al., 2017;
Shwe et al., 2017). D-galactose induced aging has little side effect
and occurs over a much shorter period of time compared to
natural aging. D-galactose can accelerate the aging process, and
can be used to induce senescence (Shwe et al., 2017). Although
numerous studies have shown that the D-galactose-induced aging
model can be used as a reliable animal model for studying

mimetic aging, it is impossible to know the exact equivalent age of
these mice compared to naturally aging mice. This is a limitation
of the study. It is better to use naturally aging mice in further
studies. Additionally, this was a correlative study. We observed
various changes in the CNS in response to different treatments,
but we did not confirm causally relationship of these changes.
This needs to be addressed in future studies.

In summary, inhibiting RIP1 using necrostatin-1 can alleviate
the cognitive impairments induced by chronic restraint stress
in D-galactose-induced aging mice. The potential underlying
mechanisms include limitation of neuroinflammation and the
rescue of neurogenesis and GluA2 expression. Targeting RIP1
might be a novel therapeutic strategy for the treatment of chronic
stress-induced cognitive impairments in aged individuals.

AUTHOR CONTRIBUTIONS

WO and QL designed this experiment and directed the research
group in all aspects, including planning, execution, and analysis
of the study. WQ was the main investigator in this study;
performed the animal experiments, immunohistochemistry,
western blot, qPCR, and statistical analysis; and also wrote this
article, with assistance from FL, XW, and CQ. All authors have
seen and approved the current version of the manuscript.

FUNDING

This study was supported by the National Nature Science
Foundation of China, Award Numbers: 8167051812 (WO) and
81641043 (QL).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnbeh.
2018.00234/full#supplementary-material

REFERENCES
Akman, O., Moshe, S. L., and Galanopoulou, A. S. (2015). Early life

status epilepticus and stress have distinct and sex-specific effects on
learning, subsequent seizure outcomes, including anticonvulsant response
to phenobarbital. CNS Neurosci. Ther. 21, 181–192. doi: 10.1111/cns.
12335

Ali, T., Badshah, H., Kim, T. H., and Kim, M. O. (2015). Melatonin
attenuates D-galactose-induced memory impairment, neuroinflammation and
neurodegeneration via RAGE/NF-K B/JNK signaling pathway in aging mouse
model. J. Pineal Res. 58, 71–85. doi: 10.1111/jpi.12194

Arcego, D. M., Toniazzo, A. P., Krolow, R., Lampert, C., Berlitz, C., Dos, S. G. E.,
et al. (2018). Impact of high-fat diet and early stress on depressive-like behavior
and hippocampal plasticity in adult male rats. Mol. Neurobiol. 55, 2740–2753.
doi: 10.1007/s12035-017-0538-y

Barnum, C. J., Pace, T. W., Hu, F., Neigh, G. N., and Tansey, M. G. (2012).
Psychological stress in adolescent and adult mice increases neuroinflammation
and attenuates the response to LPS challenge. J Neuroinflammation 9:9. doi:
10.1186/1742-2094-9-9

Bevins, R. A., and Besheer, J. (2006). Object recognition in rats and mice: a one-
trial non-matching-to-sample learning task to study ‘recognition memory’. Nat.
Protoc. 1, 1306–1311. doi: 10.1038/nprot.2006.205

Bhakta, A., Gavini, K., Yang, E., Lyman-Henley, L., and Parameshwaran, K.
(2017). Chronic traumatic stress impairs memory in mice: potential roles of
acetylcholine, neuroinflammation and corticotropin releasing factor expression
in the hippocampus. Behav. Brain Res. 335, 32–40. doi: 10.1016/j.bbr.2017.08.
013

Bloss, E. B., Janssen, W. G., McEwen, B. S., and Morrison, J. H. (2010). Interactive
effects of stress and aging on structural plasticity in the prefrontal cortex.
J. Neurosci. 30, 6726–6731. doi: 10.1523/JNEUROSCI.0759-10.2010

Briz, V., Restivo, L., Pasciuto, E., Juczewski, K., Mercaldo, V., Lo, A. C., et al. (2017).
The non-coding RNA BC1 regulates experience-dependent structural plasticity
and learning. Nat. Commun. 8:293. doi: 10.1038/s41467-017-00311-2

Cacioppo, J. T., Cacioppo, S., Capitanio, J. P., and Cole, S. W. (2015). The
neuroendocrinology of social isolation. Annu. Rev. Psychol. 66, 733–767. doi:
10.1146/annurev-psych-010814-015240

Cerbai, F., Lana, D., Nosi, D., Petkova-Kirova, P., Zecchi, S., Brothers, H. M., et al.
(2012). The neuron-astrocyte-microglia triad in normal brain ageing and in

Frontiers in Behavioral Neuroscience | www.frontiersin.org 9 October 2018 | Volume 12 | Article 234

https://www.frontiersin.org/articles/10.3389/fnbeh.2018.00234/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnbeh.2018.00234/full#supplementary-material
https://doi.org/10.1111/cns.12335
https://doi.org/10.1111/cns.12335
https://doi.org/10.1111/jpi.12194
https://doi.org/10.1007/s12035-017-0538-y
https://doi.org/10.1186/1742-2094-9-9
https://doi.org/10.1186/1742-2094-9-9
https://doi.org/10.1038/nprot.2006.205
https://doi.org/10.1016/j.bbr.2017.08.013
https://doi.org/10.1016/j.bbr.2017.08.013
https://doi.org/10.1523/JNEUROSCI.0759-10.2010
https://doi.org/10.1038/s41467-017-00311-2
https://doi.org/10.1146/annurev-psych-010814-015240
https://doi.org/10.1146/annurev-psych-010814-015240
https://www.frontiersin.org/journals/behavioral-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


fnbeh-12-00234 October 5, 2018 Time: 14:6 # 10

Qing et al. Necrostatin-1 Alleviate Stress Induced Impairments

a model of neuroinflammation in the rat hippocampus. PLoS One 7:e45250.
doi: 10.1371/journal.pone.0045250

Christofferson, D. E., Li, Y., Hitomi, J., Zhou, W., Upperman, C., Zhu, H., et al.
(2012). A novel role for RIP1 kinase in mediating TNFalpha production. Cell
Death Dis. 3:e320. doi: 10.1038/cddis.2012.64

Costa-Nunes, J., Zubareva, O., Araujo-Correia, M., Valenca, A., Schroeter, C. A.,
Pawluski, J. L., et al. (2014). Altered emotionality, hippocampus-dependent
performance and expression of NMDA receptor subunit mRNAs in chronically
stressed mice. Stress 17, 108–116. doi: 10.3109/10253890.2013.872619

Degterev, A., Hitomi, J., Germscheid, M., Ch’En, I. L., Korkina, O., Teng, X., et al.
(2008). Identification of RIP1 kinase as a specific cellular target of necrostatins.
Nat. Chem. Biol. 4, 313–321. doi: 10.1038/nchembio.83

Degterev, A., Huang, Z., Boyce, M., Li, Y., Jagtap, P., Mizushima, N., et al. (2005).
Chemical inhibitor of nonapoptotic cell death with therapeutic potential for
ischemic brain injury. Nat. Chem. Biol. 1, 112–119. doi: 10.1038/nchembio711

Egeland, M., Zunszain, P. A., and Pariante, C. M. (2015). Molecular mechanisms
in the regulation of adult neurogenesis during stress. Nat. Rev. Neurosci. 16,
189–200. doi: 10.1038/nrn3855

Epel, E. S., and Lithgow, G. J. (2014). Stress biology and aging mechanisms: toward
understanding the deep connection between adaptation to stress and longevity.
J. Gerontol. A Biol. Sci. Med. Sci. 69(Suppl. 1), S10–S16. doi: 10.1093/gerona/
glu055

Gjerstad, J. K., Lightman, S. L., and Spiga, F. (2018). Role of glucocorticoid negative
feedback in the regulation of HPA axis pulsatility. Stress. doi: 10.1080/10253890.
2018.1470238 [Epub ahead of print].

Goshen, I., Kreisel, T., Ben-Menachem-Zidon, O., Licht, T., Weidenfeld, J., Ben-
Hur, T., et al. (2008). Brain interleukin-1 mediates chronic stress-induced
depression in mice via adrenocortical activation and hippocampal neurogenesis
suppression. Mol. Psychiatry 13, 717–728. doi: 10.1038/sj.mp.4002055

Herbison, C. E., Allen, K., Robinson, M., Newnham, J., and Pennell, C. (2017).
The impact of life stress on adult depression and anxiety is dependent on
gender and timing of exposure. Dev. Psychopathol. 29, 1443–1454. doi: 10.1017/
S0954579417000372

Hidalgo, V., Pulopulos, M. M., Puig-Perez, S., Espin, L., Gomez-Amor, J., and
Salvador, A. (2015). Acute stress affects free recall and recognition of pictures
differently depending on age and sex. Behav. Brain Res. 292, 393–402. doi:
10.1016/j.bbr.2015.07.011

Holler, N., Zaru, R., Micheau, O., Thome, M., Attinger, A., Valitutti, S., et al. (2000).
Fas triggers an alternative, caspase-8-independent cell death pathway using the
kinase RIP as effector molecule. Nat. Immunol. 1, 489–495. doi: 10.1038/82732

Hovens, I. B., Schoemaker, R. G., van der Zee, E. A., Absalom, A. R.,
Heineman, E., and van Leeuwen, B. L. (2014). Postoperative cognitive
dysfunction: involvement of neuroinflammation and neuronal functioning.
Brain Behav. Immun. 38, 202–210. doi: 10.1016/j.bbi.2014.02.002

Kang, E., Wen, Z., Song, H., Christian, K. M., and Ming, G. L. (2016). Adult
neurogenesis and psychiatric disorders. Cold Spring Harb. Perspect. Biol.
8:a019026. doi: 10.1101/cshperspect.a019026

Kim, Y. K., and Won, E. (2017). The influence of stress on neuroinflammation and
alterations in brain structure and function in major depressive disorder. Behav.
Brain Res. 329, 6–11. doi: 10.1016/j.bbr.2017.04.020

Kingsbury, M., Weeks, M., MacKinnon, N., Evans, J., Mahedy, L., Dykxhoorn, J.,
et al. (2016). Stressful life events during pregnancy and offspring depression:
evidence from a prospective cohort study. J. Am. Acad. Child Adolesc. Psychiatry
55, 709.e2–716.e2. doi: 10.1016/j.jaac.2016.05.014

Krugers, H. J., Hoogenraad, C. C., and Groc, L. (2010). Stress hormones and AMPA
receptor trafficking in synaptic plasticity and memory. Nat. Rev. Neurosci. 11,
675–681. doi: 10.1038/nrn2913

Leger, M., Quiedeville, A., Bouet, V., Haelewyn, B., Boulouard, M., Schumann-
Bard, P., et al. (2013). Object recognition test in mice. Nat. Protoc. 8, 2531–2537.
doi: 10.1038/nprot.2013.155

Lesse, A., Rether, K., Groger, N., Braun, K., and Bock, J. (2017). Chronic postnatal
stress induces depressive-like behavior in male mice and programs second-hit
stress-induced gene expression patterns of OxtR and AvpR1a in adulthood. Mol.
Neurobiol. 54, 4813–4819. doi: 10.1007/s12035-016-0043-8

Lin, L. Y., Zhang, J., Dai, X. M., Xiao, N. A., Wu, X. L., Wei, Z., et al. (2016).
Early-life stress leads to impaired spatial learning and memory in middle-
aged ApoE4-TR mice. Mol. Neurodegener. 11:51. doi: 10.1186/s13024-016-
0107-2

Lin, M., Hou, G., Zhao, Y., and Yuan, T. F. (2018). Recovery of chronic stress-
triggered changes of hippocampal glutamatergic transmission. Neural Plast.
2018:9360203. doi: 10.1155/2018/9360203

Linkermann, A., and Green, D. R. (2014). Necroptosis. N. Engl. J. Med. 370,
455–465. doi: 10.1056/NEJMra1310050

Liu, M., Li, J., Dai, P., Zhao, F., Zheng, G., Jing, J., et al. (2015). Microglia
activation regulates GluR1 phosphorylation in chronic unpredictable stress-
induced cognitive dysfunction. Stress 18, 96–106. doi: 10.3109/10253890.2014.
995085

Liu, X., Betzenhauser, M. J., Reiken, S., Meli, A. C., Xie, W., Chen, B. X., et al.
(2012). Role of leaky neuronal ryanodine receptors in stress-induced cognitive
dysfunction. Cell 150, 1055–1067. doi: 10.1016/j.cell.2012.06.052

Lowrance, S. A., Ionadi, A., McKay, E., Douglas, X., and Johnson, J. D. (2016).
Sympathetic nervous system contributes to enhanced corticosterone levels
following chronic stress. Psychoneuroendocrinology 68, 163–170. doi: 10.1016/j.
psyneuen.2016.02.027

Lupien, S. J., Juster, R. P., Raymond, C., and Marin, M. F. (2018). The effects
of chronic stress on the human brain: from neurotoxicity, to vulnerability, to
opportunity. Front. Neuroendocrinol. 49, 91–105. doi: 10.1016/j.yfrne.2018.02.
001

Machado, A., Herrera, A. J., de Pablos, R. M., Espinosa-Oliva, A. M., Sarmiento, M.,
Ayala, A., et al. (2014). Chronic stress as a risk factor for Alzheimer’s disease.
Rev. Neurosci. 25, 785–804. doi: 10.1515/revneuro-2014-0035

Mahar, I., Bambico, F. R., Mechawar, N., and Nobrega, J. N. (2014). Stress,
serotonin, and hippocampal neurogenesis in relation to depression and
antidepressant effects. Neurosci. Biobehav. Rev. 38, 173–192. doi: 10.1016/j.
neubiorev.2013.11.009

Marin, M. F., Lord, C., Andrews, J., Juster, R. P., Sindi, S., Arsenault-Lapierre, G.,
et al. (2011). Chronic stress, cognitive functioning and mental health. Neurobiol.
Learn. Mem. 96, 583–595. doi: 10.1016/j.nlm.2011.02.016

McEwen, B. S. (1999). Stress and hippocampal plasticity. Annu. Rev. Neurosci. 22,
105–122. doi: 10.1146/annurev.neuro.22.1.105

Mifsud, K. R., and Reul, J. (2018). Mineralocorticoid and glucocorticoid receptor-
mediated control of genomic responses to stress in the brain. Stress. doi: 10.
1080/10253890.2018.1456526 [Epub ahead of print].

Naninck, E. F., Hoeijmakers, L., Kakava-Georgiadou, N., Meesters, A., Lazic, S. E.,
Lucassen, P. J., et al. (2015). Chronic early life stress alters developmental and
adult neurogenesis and impairs cognitive function in mice. Hippocampus 25,
309–328. doi: 10.1002/hipo.22374

Ofengeim, D., Mazzitelli, S., Ito, Y., DeWitt, J. P., Mifflin, L., Zou, C., et al. (2017).
RIPK1 mediates a disease-associated microglial response in Alzheimer’s disease.
Proc. Natl. Acad. Sci. U.S.A. 114, E8788–E8797. doi: 10.1073/pnas.1714175114

Pacheco, A., Aguayo, F. I., Aliaga, E., Munoz, M., Garcia-Rojo, G., Olave, F. A.,
et al. (2017). Chronic stress triggers expression of immediate early genes and
differentially affects the expression of AMPA and NMDA subunits in dorsal and
ventral hippocampus of rats. Front. Mol. Neurosci. 10:244. doi: 10.3389/fnmol.
2017.00244

Penn, A. C., Zhang, C. L., Georges, F., Royer, L., Breillat, C., Hosy, E., et al. (2017).
Hippocampal LTP and contextual learning require surface diffusion of AMPA
receptors. Nature 549, 384–388. doi: 10.1038/nature23658

Prenderville, J. A., Kennedy, P. J., Dinan, T. G., and Cryan, J. F. (2015). Adding fuel
to the fire: the impact of stress on the ageing brain. Trends Neurosci. 38, 13–25.
doi: 10.1016/j.tins.2014.11.001

Rehman, S. U., Shah, S. A., Ali, T., Chung, J. I., and Kim, M. O.
(2017). Anthocyanins reversed d-galactose-induced oxidative stress and
neuroinflammation mediated cognitive impairment in adult rats. Mol.
Neurobiol. 54, 255–271. doi: 10.1007/s12035-015-9604-5

Rossner, B., Klingler, M., Bulat, T., Sase, A., Zeilinger, A., Spitzwieser, M.,
et al. (2017). Hippocampal GluA2 and GluA4 protein but not corresponding
mRNA and promoter methylation levels are modulated at retrieval in spatial
learning of the rat. Amino Acids 49, 117–127. doi: 10.1007/s00726-016-
2335-8

Sahay, A., Scobie, K. N., Hill, A. S., O’Carroll, C. M., Kheirbek, M. A., Burghardt,
N. S., et al. (2011). Increasing adult hippocampal neurogenesis is sufficient to
improve pattern separation. Nature 472, 466–470. doi: 10.1038/nature09817

Salehpour, F., Ahmadian, N., Rasta, S. H., Farhoudi, M., Karimi, P., and
Sadigh-Eteghad, S. (2017). Transcranial low-level laser therapy improves brain
mitochondrial function and cognitive impairment in D-galactose-induced

Frontiers in Behavioral Neuroscience | www.frontiersin.org 10 October 2018 | Volume 12 | Article 234

https://doi.org/10.1371/journal.pone.0045250
https://doi.org/10.1038/cddis.2012.64
https://doi.org/10.3109/10253890.2013.872619
https://doi.org/10.1038/nchembio.83
https://doi.org/10.1038/nchembio711
https://doi.org/10.1038/nrn3855
https://doi.org/10.1093/gerona/glu055
https://doi.org/10.1093/gerona/glu055
https://doi.org/10.1080/10253890.2018.1470238
https://doi.org/10.1080/10253890.2018.1470238
https://doi.org/10.1038/sj.mp.4002055
https://doi.org/10.1017/S0954579417000372
https://doi.org/10.1017/S0954579417000372
https://doi.org/10.1016/j.bbr.2015.07.011
https://doi.org/10.1016/j.bbr.2015.07.011
https://doi.org/10.1038/82732
https://doi.org/10.1016/j.bbi.2014.02.002
https://doi.org/10.1101/cshperspect.a019026
https://doi.org/10.1016/j.bbr.2017.04.020
https://doi.org/10.1016/j.jaac.2016.05.014
https://doi.org/10.1038/nrn2913
https://doi.org/10.1038/nprot.2013.155
https://doi.org/10.1007/s12035-016-0043-8
https://doi.org/10.1186/s13024-016-0107-2
https://doi.org/10.1186/s13024-016-0107-2
https://doi.org/10.1155/2018/9360203
https://doi.org/10.1056/NEJMra1310050
https://doi.org/10.3109/10253890.2014.995085
https://doi.org/10.3109/10253890.2014.995085
https://doi.org/10.1016/j.cell.2012.06.052
https://doi.org/10.1016/j.psyneuen.2016.02.027
https://doi.org/10.1016/j.psyneuen.2016.02.027
https://doi.org/10.1016/j.yfrne.2018.02.001
https://doi.org/10.1016/j.yfrne.2018.02.001
https://doi.org/10.1515/revneuro-2014-0035
https://doi.org/10.1016/j.neubiorev.2013.11.009
https://doi.org/10.1016/j.neubiorev.2013.11.009
https://doi.org/10.1016/j.nlm.2011.02.016
https://doi.org/10.1146/annurev.neuro.22.1.105
https://doi.org/10.1080/10253890.2018.1456526
https://doi.org/10.1080/10253890.2018.1456526
https://doi.org/10.1002/hipo.22374
https://doi.org/10.1073/pnas.1714175114
https://doi.org/10.3389/fnmol.2017.00244
https://doi.org/10.3389/fnmol.2017.00244
https://doi.org/10.1038/nature23658
https://doi.org/10.1016/j.tins.2014.11.001
https://doi.org/10.1007/s12035-015-9604-5
https://doi.org/10.1007/s00726-016-2335-8
https://doi.org/10.1007/s00726-016-2335-8
https://doi.org/10.1038/nature09817
https://www.frontiersin.org/journals/behavioral-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


fnbeh-12-00234 October 5, 2018 Time: 14:6 # 11

Qing et al. Necrostatin-1 Alleviate Stress Induced Impairments

aging mice. Neurobiol. Aging 58, 140–150. doi: 10.1016/j.neurobiolaging.2017.
06.025

Shang, X., Shang, Y., Fu, J., and Zhang, T. (2017). Nicotine significantly improves
chronic stress-induced impairments of cognition and synaptic plasticity in
mice. Mol. Neurobiol. 54, 4644–4658. doi: 10.1007/s12035-016-0012-2

Shen, J., Xu, L., Qu, C., Sun, H., and Zhang, J. (2018). Resveratrol prevents
cognitive deficits induced by chronic unpredictable mild stress: Sirt1/miR-134
signalling pathway regulates CREB/BDNF expression in hippocampus in vivo
and in vitro. Behav. Brain Res. 349, 1–7. doi: 10.1016/j.bbr.2018.04.050

Shwe, T., Pratchayasakul, W., Chattipakorn, N., and Chattipakorn, S. C.
(2017). Role of D-galactose-induced brain aging and its potential used for
therapeutic interventions. Exp. Gerontol. 101, 13–36. doi: 10.1016/j.exger.2017.
10.029

Sindi, S., Kareholt, I., Solomon, A., Hooshmand, B., Soininen, H., and Kivipelto, M.
(2017). Midlife work-related stress is associated with late-life cognition.
J. Neurol. 264, 1996–2002. doi: 10.1007/s00415-017-8571-3

Tielbeek, J. J., Al-Itejawi, Z., Zijlmans, J., Polderman, T. J., Buckholtz, J. W., and
Popma, A. (2018). The impact of chronic stress during adolescence on the
development of aggressive behavior: a systematic review on the role of the
dopaminergic system in rodents. Neurosci. Biobehav. Rev. 91, 187–197. doi:
10.1016/j.neubiorev.2016.10.009

Ting, A. T., Pimentel-Muinos, F. X., and Seed, B. (1996). RIP mediates tumor
necrosis factor receptor 1 activation of NF-kappaB but not Fas/APO-1-initiated
apoptosis. EMBO J. 15, 6189–6196. doi: 10.1002/j.1460-2075.1996.tb01007.x

Vargas-Lopez, V., Lamprea, M. R., and Munera, A. (2016). Histone
deacetylase inhibition abolishes stress-induced spatial memory impairment.
Neurobiol. Learn. Mem. 134(Pt B), 328–338. doi: 10.1016/j.nlm.2016.
08.009

Volmar, C. H., Salah-Uddin, H., Janczura, K. J., Halley, P., Lambert, G.,
Wodrich, A., et al. (2017). M344 promotes nonamyloidogenic amyloid
precursor protein processing while normalizing Alzheimer’s disease genes and

improving memory. Proc. Natl. Acad. Sci. U.S.A. 114, E9135–E9144. doi: 10.
1073/pnas.1707544114

Wang, B., Lian, Y. J., Su, W. J., Peng, W., Dong, X., Liu, L. L., et al. (2017). HMGB1
mediates depressive behavior induced by chronic stress through activating the
kynurenine pathway. Brain Behav. Immun. 72, 51–60. doi: 10.1016/j.bbi.2017.
11.017

Weinlich, R., Oberst, A., Beere, H. M., and Green, D. R. (2017). Necroptosis in
development, inflammation and disease. Nat. Rev. Mol. Cell Biol. 18, 127–136.
doi: 10.1038/nrm.2016.149

Yang, S. H., Lee, D. K., Shin, J., Lee, S., Baek, S., Kim, J., et al. (2017). Nec-1
alleviates cognitive impairment with reduction of Abeta and tau abnormalities
in APP/PS1 mice. EMBO Mol. Med. 9, 61–77. doi: 10.15252/emmm.201606566

Zhang, S., Tang, M. B., Luo, H. Y., Shi, C. H., and Xu, Y. M. (2017a). Necroptosis
in neurodegenerative diseases: a potential therapeutic target. Cell Death Dis.
8:e2905. doi: 10.1038/cddis.2017.286

Zhang, S., Wang, X., Ai, S., Ouyang, W., Le, Y., and Tong, J. (2017b).
Sepsis-induced selective loss of NMDA receptors modulates hippocampal
neuropathology in surviving septic mice. PLoS One 12:e0188273. doi: 10.1371/
journal.pone.0188273

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Qing, Li, Wang, Quan, Ouyang and Liao. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Behavioral Neuroscience | www.frontiersin.org 11 October 2018 | Volume 12 | Article 234

https://doi.org/10.1016/j.neurobiolaging.2017.06.025
https://doi.org/10.1016/j.neurobiolaging.2017.06.025
https://doi.org/10.1007/s12035-016-0012-2
https://doi.org/10.1016/j.bbr.2018.04.050
https://doi.org/10.1016/j.exger.2017.10.029
https://doi.org/10.1016/j.exger.2017.10.029
https://doi.org/10.1007/s00415-017-8571-3
https://doi.org/10.1016/j.neubiorev.2016.10.009
https://doi.org/10.1016/j.neubiorev.2016.10.009
https://doi.org/10.1002/j.1460-2075.1996.tb01007.x
https://doi.org/10.1016/j.nlm.2016.08.009
https://doi.org/10.1016/j.nlm.2016.08.009
https://doi.org/10.1073/pnas.1707544114
https://doi.org/10.1073/pnas.1707544114
https://doi.org/10.1016/j.bbi.2017.11.017
https://doi.org/10.1016/j.bbi.2017.11.017
https://doi.org/10.1038/nrm.2016.149
https://doi.org/10.15252/emmm.201606566
https://doi.org/10.1038/cddis.2017.286
https://doi.org/10.1371/journal.pone.0188273
https://doi.org/10.1371/journal.pone.0188273
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/behavioral-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

	Inhibiting RIP1 Improves Chronic Stress-Induced Cognitive Impairments in D-Galactose-Induced Aging Mice
	Introduction
	Materials and Methods
	Animals
	Experimental Groups
	Administration of Drugs
	Necrostatin-1
	DMSO

	Repeated Restraint Stress
	Open Field Test
	Novel Object Recognition Test
	Barnes Maze Test
	Immunohistochemistry
	Western Blot
	Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR) Assay
	Corticosterone Measurement
	Statistical Analysis

	Results
	Inhibiting RIP1 Using Necrostatin-1 Alleviated Brain Dysfunction Induced by Chronic Stress in d-Galactose-Induced Aging Mice
	Inhibiting RIP1 Using Necrostatin-1 Limited Neuroinflammation Induced by Chronic Stress in d-Galactose-Induced Aging Mice
	Inhibiting RIP1 Using Necrostatin-1 Limited the Upregulation of RIP1 and NF-κB Induced by Chronic Stress in d-Galactose-Induced Aging Mice
	Effects of Inhibiting RIP1 Using Necrostatin-1 on Neuroplasticity
	Inhibiting RIP1 Using Necrostatin-1 Had No Effect on Corticosterone Level

	Discussion
	Author Contributions
	Funding
	Supplementary Material
	References


