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Abstract Mice deficient in the antioxidant enzyme Cu/
Zn-superoxide dismutase (Sod1KO mice) have a signif-
icant reduction in lifespan, exhibit many phenotypes of
accelerated aging, and have high levels of oxidative
stress in various tissues. Age-associated cognitive de-
cline is a hallmark of aging and the increase in oxidative
stress/damage with age is one of the mechanisms pro-
posed for cognitive decline with age. Therefore, the goal
of this study was to determine if Sod1KO mice exhibit
an accelerated loss in cognitive function similar to that
observed in aged animals. Cognition was assessed in
Sod1KO and wild type (WT) mice using an automated
home-cage testing apparatus (Noldus PhenoTyper) that
included an initial discrimination and reversal task.
Comparison of the total distance moved by the mice
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during light and dark phases of the study demonstrated
that the Sod1KO mice do not show a deficit in move-
ment. Assessment of cognitive function showed no sig-
nificant difference between Sod1KO and WT mice dur-
ing the initial discrimination phase of learning. Howev-
er, during the reversal task, Sod1KO mice showed a
significantly greater number of incorrect entries com-
pared to WT mice indicating a decline in cognition
similar to that observed in aged animals. Markers of
oxidative stress (4-Hydroxynonenal, 4-HNE) and neu-
roinflammation [proinflammatory cytokines (IL6 and
IL-13) and neuroinflammatory markers (CD68, TLR4,
and MCP1)] were significantly elevated in the hippo-
campus of male and female Sod1KO compared to WT
mice. This study provides important evidence that in-
creases in oxidative stress alone are sufficient to induce
neuroinflammation and cognitive dysfunction that par-
allels the memory deficits seen in advanced aging and
neurodegenerative diseases.

Keywords Cu/Zn-superoxide dismutase - Cognition -
Accelerating aging - Oxidative stress -
Neuroinflammation

Introduction

Cu/Zn-Superoxide dismutase (Cu/ZnSOD) is a major
antioxidant enzyme, which converts superoxide radicals
into hydrogen peroxide, and is found in the cytosol and
the intermembrane space of the mitochondria (Okado-
Matsumoto and Fridovich 2001). Mice null for Cu/
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ZnSOD [Sodl knockout (Sod1KO) mice] were gener-
ated by Reaume et al. (1996), and Elchuri et al. (2005)
reported that Sod1 KO mice show a ~30% decrease in
lifespan (both sexes combined), which was confirmed
by Zhang et al. (2013) using female Sod1KO mice.
Sod1KO mice exhibit high levels of oxidative stress in
various tissues and plasma (Muller et al. 2006; Zhang
et al. 2016). Based on these data, it was proposed that
the reduced longevity of the Sod1 KO mice arose due to
accelerated aging as predicted by the oxidative stress
theory of aging (Salmon et al. 2010). This concept was
supported by the observation that dietary restriction
reduced oxidative damage in tissues of the Sod1KO
mice and increased the lifespan of Sod1KO mice to that
of normal, wild type (WT) mice (Zhang et al. 2013).

Over the past decade, several studies have compared
various physiological functions in Sod1KO and WT
mice, and these studies support the concept that the
Sod1KO mice exhibit accelerated aging. For example,
the Sod1KO mice demonstrate hearing loss (Keithley
et al. 2005), increased incidence of cataracts (Olofsson
et al. 2007), and delayed wound healing (ITuchi et al.
2010). In addition, Sod1KO mice exhibit accelerated
sarcopenia, i.e., the loss of muscle mass with age
(Muller et al. 2006). The decrease in muscle mass was
paralleled by lower force generating capacity of muscle
(Larkin et al. 2011) and reduced grip strength (Deepa
et al. 2017). A decrease in muscle mass and strength
with age is a universal phenotype observed in all verte-
brates. In addition, Sod1KO mice showed a ~30% de-
crease in rotarod performance (Muller et al. 2006) and
reduced endurance measured by treadmill running to
exhaustion (Jang et al. 2010). More recently, our group
showed that the overall severity of pathological lesions
of Sod1 KO mice was dramatically increased in adult (9-
month-old) compared to age-matched WT mice as mea-
sured by the geropathology grading score (Snider et al.
2018). Because increased pathology is a hallmark of
aging, an increase in pathological lesions globally in
the Sod1K O mice is consistent with these mice showing
an accelerated aging phenotype.

Because the Sod1KO mice exhibit increased loss of
many physical functions, we investigated whether the
Sod1KO mice also exhibit an accelerated loss in cogni-
tion. Studies in humans demonstrate that there is a
strong correlation between age-related changes in phys-
ical performance and cognition (Ko et al. 2018; Suire
et al. 2017; Rosso et al. 2017; Watson et al. 2010;
Mielke et al. 2013). Numerous studies have also shown
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that cognition declines with advancing age in rats and
mice using various measures of cognitive function, e.g.,
Morris water maze, object recognition, and Y maze
(Logan et al. 2018a; VanGuilder Starkey et al. 2013;
VanGuilder et al. 2011; Ashpole et al. 2017). In addition,
several studies suggest that oxidative stress/damage can
negatively impact cognition in laboratory rodents
(Fukui et al. 2001, 2002; Morrison et al. 2010; Iguchi
etal. 2014). Oxidative stress, assessed as increases in the
level of isoprostanes, is increased in the brain of
Sod1KO mice (Zhang et al. 2016). Interestingly, defi-
ciency of Sodl in an amyloid precursor protein-
overexpressing Alzheimer’s mouse model is reported
to accelerate memory deficits due to increased oxidative
damage, compared to control Alzheimer’s mouse model
(Murakami et al. 2011). Nevertheless, it is unknown
whether a primary increase in oxidative stress alone is
sufficient to induce cognitive dysfunction. Therefore,
we compared cognitive function in Sod1KO and WT
mice in this study using a novel, non-invasive assay that
allows one to measure cognition in the animal’s home
cage. Logan et al. (2018) recently showed that this assay
detects deficits in cognition in old WT mice. In this
article, we show for the first time that cognition is
dramatically decreased in both male and female
Sod1KO mice compared to control mice. These data
demonstrate that the Sod1KO mice exhibit an acceler-
ated aging phenotype with respect to cognition, which
parallels the decline in a large number of other physical
functions making the Sod1KO mouse an excellent mod-
el for studying accelerated aging and that a primary
increase in oxidative stress results in cognitive
impairment.

Materials and methods
Animals

All procedures were approved by the Institutional Ani-
mal Care and Use Committee at the University of Okla-
homa Health Sciences Center (OUHSC). The Sod1KO
mice were generated as described previously (Elchuri
et al. 2005; Muller et al. 2006). Experimental cohorts
were raised in the OUHSC Rodent facility. Median
lifespan of female Sod1KO mice is ~22 months
(Zhang et al. 2013). In the study, we used 13 to 15-
month-old male Sod1KO mice (n = 10) and WT controls
(n=12). For analysis in females, we used 16 to 19-
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month-old female Sod1 KO mice (n=6) and WT (n=
12) controls. The mice were group housed in ventilated
cages 20 + 2 °C, 12-h/12-h dark/light cycle and were fed
rodent chow (5053 Pico Lab, Purina Mills, Richmond,
IN) ad libitum. Four days prior to the initiation of
testing, animals were singly housed and fed dustless
precision rodent pellets (F05684, Bio-Serv,
Flemington, NJ) for adaptation purposes, and water
was available ad libitum.

Assessment of activity and cognition using PhenoTyper

Spontaneous activity, initial discrimination learning,
and reversal learning were assessed using an auto-
mated home-cage testing apparatus, PhenoTyper
(Model 3000, Noldus Information Technology, Neth-
erlands), as described previously (Maroteaux et al.
2012; Loos et al. 2014; Logan et al., 2018) and
activity of the mice were recorded using EthoVision
software (Noldus). Body weights of mice were mea-
sured immediately before the initiation of the study
and immediately after completing the behavioral
tasks. In the PhenoTyper, behavior was tracked by
video and the food dispenser was triggered by spe-
cific behaviors of the mouse (Maroteaux et al. 2012),
while water was available ad libitum. The cages were
transparent plastic (L =30xW =30xH =35 cm)
and bedding was cellulose-free paper (Pure-o’Cel;
The Andersons, Maumee, OH). Mice were individu-
ally placed in the PhenoTyper for a 6-h adaptation
period and beginning at 1600 h on day 1, the activity
of the animals was continuously recorded for 90 h.
All movements were recorded with an infrared-
sensitive video camera above the arena using the X-
Y coordinates of the center of gravity of each animal.
These data were sampled at a rate of 15 frames per
second (fps) and processed by Lowess smoothing
using EthoVision software (EthoVision XT 11.5,
Noldus Information Technology, Wageningen,
The Netherlands) (Maroteaux et al. 2012; Loos
et al. 2014). The experimental protocol for monitor-
ing mice within the PhenoTyper cage was fully
automated.

During the cognitive testing phase, mice were
continuously monitored during the light and dark
cycles. Diurnal spontaneous activity was tracked as
previously reported (Logan et al., 2018), and the total
distance traveled by each mouse was calculated for
the 90 h of the study. During cognitive testing, mice

are rewarded with a food pellet after five successful
entries into the correct hole (FRS5; fixed ratio 5) as
previously described (Logan et al., 2018). The per-
centage of correct entries made in a moving window
of the trailing 30 entries was calculated and trials to
reach an 80% success rate determined. Thus, when
the mouse achieved 80% correct entries within that
window, the criteria was met and the number of
entries plotted vs the percentage of mice that
achieved criteria for the group. These methods have
been described in detail in our previous publication
(Logan et al., 2018). Results were then summarized
for the dark and light phases of the L:D cycle as
previously reported. For the acquisition phase of the
test, mice were required to pass through the left
entrance of the CognitionWall during initial discrim-
ination to obtain a food reward (Dustless Precision
Rodent Pellets, F05684, Bio-Serv, Flemington, NJ),
which was dispensed using a FR5 schedule. After
45 h of discrimination learning, the task was modi-
fied and the correct response was changed to the right
entry requiring the animal to extinguish the previous
learning and acquire a new response, again rewarded
at a FRS5 schedule. Success rates for both initial
discrimination and reversal learning were calculated
post hoc and defined as the percentage of correct
entries of the trailing 30 entries through any of the
entrances of the CognitionWall. The data were
exported from EthoVision as a text file and then
processed using Python programming language. The
following dependent variables to reach a specific
success rate were calculated for both initial discrim-
ination and reversal learning: percent of animals
reaching criteria, entries to criteria, errors to criteria,
and time (hours) to criteria (Logan et al., 2018). The
Cumulative Leaning Index was calculated as correct
entries minus the incorrect entries divided by the total
number of entries.

Detection of 4-Hydroxynonenal (4-HNE) adducts

Following cognitive testing, animals were euthanized
hippocampi were dissected and immediately frozen in
liquid nitrogen and stored at —80 °C until further use.
For Western blotting, one hippocampus was homoge-
nized in RIPA lysis and extraction buffer (ThermoFisher
Scientific, Waltham, MA). For the detection of 4-HNE
modified proteins, equal amounts of protein (40 pg/
lane) were separated by SDS-PAGE, transferred to
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polyvinylidene difluoride membranes and treated with
250 mM sodium borohydride in 100 mM (3-(N-
morpholino)propanesulfonic acid, MOPS), pH 8.0 for
15 min. The membrane was washed with water, follow-
ed by Tris buffered saline with Tween 20 (TBS-T), and
blocked with 5% non-fat milk/TBS-T. The membrane
was incubated with a 1:2000 dilution of polyclonal
antibody against 4-HNE, as described (Uchida et al.
1993; Bhaskaran et al. 2018). The antibody recognizes
cysteine, lysine, and histidine 4-HNE protein adducts
and is highly specific to 4-HNE derived protein adducts
(gift from Dr. Luke Szweda, Oklahoma Medical Re-
search Foundation) (Uchida et al. 1995). This was
followed by incubation with anti-rabbit IgG HRP con-
jugated antibody and the blot was developed using
Pierce ECL Western Blotting Substrate (ThermoFisher
Scientific, Waltham, MA). Images were taken using a
G:BOX imaging system (Syngene, Frederick, MD) and
quantified using ImagelJ software (U.S. National Insti-
tutes of Health, Bethesda, MD, USA).

Quantitative real-time PCR

Total RNA was extracted using the RNeasy kit (Qiagen,
Valencia, CA, USA) from one frozen hippocampus.
First-strand cDNA was synthesized using a high capac-
ity cDNA reverse transcription kit [ThermoFisher Sci-
entific (Applied Biosystems), Waltham, MA] and quan-
titative real-time PCR was performed with ABI Prism
using Power SYBR Green PCR Master Mix
[ThermoFisher Scientific (Applied Biosystems), Wal-
tham, MA] with the primers listed in Table 1. Calcula-
tions were performed by a comparative method
(2722 using B-microglobulin, actin, and 18S as con-
trols as described previously (Bhaskaran et al. 2018).

Statistical analyses

Data obtained from male and female mice were ana-
lyzed separately since the cognitive tests were run se-
quentially and the ages varied by several months poten-
tially impacting the direct comparison of the learning
measures. Data were analyzed using ANOVA (after log
10 transformation). A Learning Index [(Correct entries-
Incorrect entries)/Total Entries] was calculated for each
animal per hour and analyzed using JMP software (SAS,
Cary NC) using a Group x Time repeated measures
analysis of variance. Modeling assumptions were eval-
uated and transformations made, as necessary. Pairwise
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Table 1 Primer sequences for quantitative RT-PCR

Gene Primer

Tumor Necrosis Factor Forward: 5'- CACAGAAA

alpha (TNF«) GCATGATCCGCGACGT-3’
Reverse: 5'- CGGCAGAG
AGGAGGTTGACTTTCT-3'
Interleukin 6 (IL6) Forward: 5’-GCTACCAA

ACTGGATATAATCAGGA-3’
Reverse: 5°-CCAGGTAG
CTATGGTACTCCAGAA-3/,

Forward: 5’-CCCTGCAG
CTGGAGAGTGTGGA-3’

Reverse: 5>-TGTGCTCTGCTTGT
GAGGTGCTG-3’

Cluster of Differentiation 68 Forward: 5’-CCACAGGC
(CD68) AGCACAGTGGACA-3’
Reverse: 5’-TCCACAGC
AGAAGCTTTGGCCC-3’

Toll Like Receptor 4 (TLR4) Forward: 5'-ATGGCATGGCTTAC
ACCACC-3'
Reverse: 5'- GAGGCCAA
TTTTGTCTCCACA-3'

Monocyte Chemoattractant Forward: 5-TTAAAAAC
Protein-1 (MCPI) CTGGATCGGAACCAA-3’
Reverse: 5’-GCATTAGC
TTCAGATTTACGGGT-3’

Forward: 5'-CACT
GACCGGCCTGTATGC-3’

Reverse: 5'-GGGT
GGCGTGAGTATACTTG
AAT-3'

Forward: 5'-AATC
GTGCGTGACATCAAAG
AG-3'

Reverse: 5'-GCCATCTCCTGCTC
GAAGTC-3'

188 Forward: 5-CTGA
GAAACGGCTACCACATC-3’
Reverse: 5'-CGCT
CCCAAGATCCAACTAC-3'.

Interleukin 1 beta (IL1)

(32-microglobulin

[B-actin

comparisons were made using the Tukey HSD test as
appropriate, p < 0.05 was considered statistically signif-
icant. For visualization of performance over the study, a
Cumulative Learning Index was calculated, however,
the statistical analysis was only performed on the orig-
inal Learning Index data. To assess the relationship
between learning and measures of oxidative stress and
inflammation, a multiple regression model was used
using maximum learning performance during first 10 h
of the reversal phase of the experiment as the predicted
variable.
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Results
Movement data

In this study, we measured the activity of 13 to 15-
month-old WT and Sod1KO male mice continuously
over the light and dark phases of the 90-h study, and data
are summarized in Fig. la. Figure 1b summarizes the
activity of 16 to 19-month-old WT and Sod1KO female
mice during the dark and light phases of the study. As
expected, both male and female WT and Sod1KO mice
have increased activity in the dark phase of the study.
No marked differences were found in male or female
Sod1KO mice compared to their respective control
groups during the dark testing period. Interestingly,
during the light phase, the total activity of the male
and female Sod1KO mice was significantly higher than
their respective control groups, [90% higher for
Sod1KO male mice compared WT male mice (p =
0.02) and 57% higher for Sod1KO female mice com-
pared to WT female mice (p=0.02)]. These data sug-
gest sleep fragmentation may be occurring in Sod1KO
mice. Importantly, the data provide strong evidence that
the Sod1KO mice do not show a movement deficit that
might complicate measuring cognitive function. This is
consistent with a previous study showing that there is no
difference in spontaneous activity between Sod 1 KO and
WT mice over a 4-day period, assessed using a
photocell-based mouse-monitoring system (Muller
et al. 2000).

Cognitive function

The PhenoTyper/Cognition Wall measures spatial learn-
ing and working memory based on a food reward-based
task that is divided into two phases: (1) initial discrim-
ination learning during the first 45-h period, and (2)
reversal learning during the second 45-h period. Impor-
tantly, cognition is measured with minimal stress and
without human intervention during both light and dark
cycles, the latter cycle during which the mice are most
active. Figure 2a diagrammatically shows how the
PhenoTyper assesses cognition, with examples of the
performance of a selected WT and Sod1 KO male mouse
(Fig. 2b, c, respectively). Both the WT and Sod1KO
mice quickly learned to enter through the left entrance
(denoted in red) for food reward during the initial dis-
crimination phase. However, Sod1KO mice perform
poorly in the reversal phase (beginning at the 48 h when

the correct entry is switched to the right side (denoted in
green), which is a challenging behavioral task. The
reversal phase is a measure of cognitive flexibility
whereby the mice process the extinction of a learned
memory while consolidating a new task [learning to
enter through the right entrance (green) to receive food].
Figure 2d shows the number of incorrect entries for the
male WT and Sod1KO mice over the first 45 h of the
learning phase and the second 45 h of reversal phase.
There were no significant differences in the number of
incorrect entries for WT and Sod1KO mice during the
initial 45-h learning phase. However, the number of
incorrect entries significantly increased during the re-
versal phase for both WT and Sod1KO mice and the
number of incorrect entries by Sod1KO mice during
reversal phase was 56% higher than WT mice (p =
0.05). Next, we compared the number of incorrect en-
tries for the WT and Sod1KO female mice for the
learning phase and reversal phase. Female Sod1KO
mice also showed increased incorrect entries only dur-
ing the reversal phase, 76% higher than that of WT
female mice (Fig. 2¢) (p =0.03).

The criteria we have selected for the number of
entries required that the animal successfully learn each
task based on a success rate of 80% over the trailing 30
entries as described by Logan et al. (2018) and Loos
etal. (2014). Fig. 3 shows the number of entries required
to reach the 80% success rate for male WT and Sod1KO
mice during the initial discrimination (Fig. 3a) and
reversal phase of learning (Fig. 3b). Male Sod1 KO mice
have similar success rates of learning in the initial dis-
crimination task as male WT mice (Fig. 3a). In contrast,
during the reversal learning phase, we observed a dif-
ference between male Sod1KO and WT mice (Fig. 3b).
While all the WT mice were able to complete the task,
two of the male Sod1KO male mice were unable to
achieve a success rate of 80% after over 2000 entries
(Fig. 3b). During the reversal phase of learning, the male
Sod1KO mice required a larger number of entries before
achieving the 80% success criterion than WT mice. An
80% success rate after 1000 entries was achieved by
90% of WT male mice, whereas only 58% of Sod1KO
male mice reached the 80% success rate after 1000
entries (Fig. 3b).

The number of entries required to reach the 80%
success rate for female WT and Sod1KO mice during
the initial discrimination and reversal phase of learning
of the study are shown in Fig. 3¢ and d. All the WT and
Sod1KO female mice were able to complete the task.
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Fig. 1 Left panel: Total distance moved by (a) male WT (n=12)
and Sod1KO (n=10) mice, and (b) female WT (n=12) and
Sod1KO (n=6) mice obtained by tracking animal movements
during the 90-h experimental period. Data are averaged over
hourly intervals during both the light and dark phases of the
light-dark cycle. Dark horizontal lines represent the dark phase

However, during the reversal phase approximately 80%
of'the WT mice reached criteria by 1000 entries whereas
only 33% of Sodl1KO female mice reached the 80%
success rate at that time (Fig. 3d). In agreement with this
observation, the number of food rewards was signifi-
cantly reduced for Sod1 KO mice during the dark phase
of reversal learning: 44% reduction for male Sod1KO
mice compared to male WT mice (p =0.004) and 48%
reduction for female Sod1KO mice compared to female
WT mice (p =0.04) (data not shown).

We also evaluated cognitive function by measuring
the learning index (Fig. 4). This analysis allows us to
measure the accuracy/efficiency of entry choice over
time for each mouse normalized to the total number of
entries. Furthermore, the cumulative learning index
(Figs. 4 a, c) allows us to visually assess the rate of
learning (i.c., the slope of the curve during initial
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of the cycle. Data represent mean+ SEM calculated for hourly
intervals. Right panel: Summary of the total distance moved over
the 90-h period by male (a) and female (b) WT and Sod1KO mice
during light and dark cycles. Data represent mean = SEM for each
group. *p <0.05

discrimination and reversal learning) as well as the
maximum learning capacity during the specific testing
period. Statistical significance was assessed on the in-
dependent learning index values. Sod1KO males
showed no differences in the initial discrimination phase
but were impaired in their learning performance in the
reversal phase (p =0.0021) compared to controls (Fig.
4b). Similar to male Sod1KO mice, female Sod1KO
mice also showed no differences in the initial discrimi-
nation phase, but were impaired during the reversal
phase compared to female WT mice (p =0.0035) (Fig.
4d).

Oxidative stress and neuroinflammation

Next, changes in oxidative stress in the hippocampus of
male and female WT and Sod1 KO mice were assessed.
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Fig. 2 (a) Illustration of the Ethovision Phenotyper to assess
cognitive function in mice. A pellet dispenser and a Cognition
Wall were inserted into the PhenoTyper immediately before the
initiation of the experiment. The CognitionWall was placed in
front of the food dispenser and has three entrances: left (L), middle
(M), and right (R). To obtain the food pellet, the animals were
required to enter the Cognition Wall through the left entrance (red
arrow) during the initial discrimination phase of the study, and
through the right entrance (green arrow) during the reversal phase.
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Representative images showing entry ofa WT (b) and Sod1KO (c)
male mouse into the three entrances (red left, blue middle, and
green right) during the 90-h time period. (d, ¢) Number of errors
(incorrect entries) to reach 80% during the initial discrimination
and reversal phases of the test by male mice (d) and female mice
(e). Data were analyzed using the raw Learning Index data using a
GroupxTime repeated measures ANOVA. Data are mean + SEM
for each group. *p < 0.05
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Fig. 3 (a, b) Entries required to reach 80% success rate for male
WT and Sod1KO mice during the initial discrimination phase (a)
and reversal learning phase (b) of the study. (¢, d) Entries required
to reach 80% success rate for female WT and Sod1KO mice during

We measured the levels of 4-hydroxy-2-nonenal (4-
HNE), which is a product of lipid peroxidation and
routinely used as a biomarker of oxidative stress
(Dalleau et al. 2013; Breitzig et al. 2016). Western
blotting of hippocampal extracts showed a significant
increase in 4-HNE levels in male (1.6-fold) and female
(1.2-fold) Sod1KO mice, compared to male and female
WT mice (Fig. 5a and b). Because an increase in oxida-
tive stress can cause neuroinflammation and is associat-
ed with cognitive decline (d'Avila et al. 2018; Hussain
et al. 2016), we assessed changes in the expression of
proinflammatory cytokines and neuroinflammatory
markers in the hippocampus of WT and Sod1KO mice.
In the hippocampus of male Sod1KO mice, transcript
levels of proinflammatory cytokines IL6 and IL-1f3
were increased by 2.5- and 2.0-fold, respectively, com-
pared to WT male mice, whereas TNF«x levels were
similar in WT and Sod1KO male mice (Fig. Sc, left
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the initial discrimination phase (c) and reversal learning phase (d)
of the study. Each ‘step’ represents a mouse that reached the
learning criterion at the respective number of entries

panel). In the hippocampus of female Sod1KO mice,
transcript level of the proinflammatory cytokine IL-1(3
was increased by 2.8-fold, compared to WT female
mice, whereas IL6 and TNFx levels were similar in
WT and Sodl1KO female mice (Fig. 5d, left panel).
Similarly, transcript levels of CD68 (1.4-fold), TLR4
(2.2-fold), and MCP1 (1.7-fold), which are markers of
activated microglia, are elevated in the hippocampus of
Sod1KO male mice compared to WT mice (Fig. Sc,
right panel). Transcript levels of CD68 (1.8-fold),
TLR4 (1.5-fold), and MCP1 (2.2-fold) were also in-
creased in the hippocampus of Sod1KO female mice
compared to WT female mice (Fig. 5d, right panel).
Together these findings indicate that increased oxidative
stress and neuroinflammation occur in the hippocampus
of Sod1KO male and female mice compared to WT
male and female mice, respectively. We investigated
whether oxidative stress or the levels of cytokines were
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Fig.4 Assessment of cognitive performance by learning index for
male (a, b) and female (¢, d) WT and Sod1KO mice during the
initial discrimination and reversal phase of learning. Figs. a and ¢
represent the cumulative learning index and Figs b and d represent
the independent learning index over the period of the study.
Learning behavior during the initial discrimination phase was not

associated with the decline in cognitive function using a
multiple regression approach and the first 10 h of the
reversal phase as the measure of learning. Relationships
between these measures were found for males (p =
0.0368) and females (p =0.0010) (Fig. 6a). Similarly,
correlation between IL-1[3 and maximum learning index
athour 10 of reversal phase showed significant effect for
males (p value =0.007) and females (p value =0.047)
(Fig. 6b).

Discussion

In this study, we assessed cognitive function of Sod 1KO
and WT mice using an automated home-cage based
system where discrimination learning was assessed in
the absence of experimenter handling. Middle-aged

0.50
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c
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independent learning index

-0.25

Initial Reversal

statistically significant between WT and Sod1KO in male or
female mice. Statistically significant changes were observed in
the reversal phase of learning based on analysis of the independent
learning index. Horizontal bars in Figs. a and c¢ indicate the dark
phase of the L:D cycle. *p<0.05

Sod1KO mice are phenotypically comparable to old
wild type mice. Therefore, we used 13 to 15-month
old Sod1KO male mice for the current study. Once we
identified cognitive deficits in male Sod1KO mice, we
were interested in testing whether female Sod1 KO mice
also exhibit a similar phenotype. For analysis in females,
we used 16 to 19-month old female Sod1KO and WT
mice. We concluded that it was important to determine if
female mice with a deficiency of Sod! also showed a
similar cognition deficit.

The initial discrimination phase assessed working
reference memory, where the mice learn to strategically
determine the correct response (Dudchenko 2004). Both
male and female Sod1KO mice showed no differences
during the initial discrimination phase, however, the
reversal learning that requires animals to extinguish
the previous rewarded paradigm and learn the new
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Fig.5 Markers of oxidative stress and inflammation are increased
in the hippocampus of Sod1KO mice. Western blots of hippocam-
pal extracts from male (a, left panel) and female (b, left panel)
WT and Sod1KO mice for 4-HNE (n=6-8 mice/group). Right
panel of a and b: Quantification of band intensity of the entire lane
represented graphically. (¢, d) Transcript levels of TNFe, IL6, and

reward paradigm was markedly reduced in Sod1KO
mice compared to control mice. Reversal learning in
mice has been evaluated in a variety of behavioral tasks,
including spatial learning with Morris water, T-maze
(Bannerman et al. 2003), eight-arm maze (El-Ghundi
et al. 2003), etc. Our data demonstrate that Sod1KO
mice show a decline in cognitive flexibility, as assessed
by the increase in incorrect entries during the reversal
phase of learning, compared to age-matched WT mice.
Importantly, we conclude that the decline in cognition in
Sod1KO mice was not due to differences in activity or
aversion to the food reward since the activity and cog-
nitive function during the initial phase of discrimination
learning was comparable between the two groups. Fur-
thermore, we found that the decline in cognition
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Sod1KO male (e, right panel) and female (d, right panel) (n=6—
8 mice/group). Data are mean + SEM for each group. *p < 0.05

exhibited by Sod1KO mice demonstrates marked simi-
larity to the decline in cognition observed with age in
27-month-old male C57BL/6 mice (Logan et al., 2018),
assessed using the PhenoTyper suggesting that Sod1KO
mice have an accelerated aging phenotype.

The decline in cognition with advanced age is a
characteristic feature of aging in humans (Harada et al.
2013; Salthouse 2010). For example, a measurable de-
cline in specific cognitive domains such as attention,
memory, executive cognitive function, language, and
visuospatial abilities has been reported with increasing
age in humans (Murman 2015). Spatial navigation test-
ing, the human analog of the Morris Water Maze, has
shown that older humans (71-84 years old males and
females) have deficits in allocentric (world-centered,
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hippocampus-dependent) navigation compared to
young, 18 to 26-year-old subjects (Gazova et al.
2013). Similarly, various aspects of free recall are im-
paired in older humans, as assessed by memory perfor-
mance on a multi-trial verbal recall task and 1-day delay
free recall and recognition trials (Davis et al. 2003). In
another study, a virtual Morris water maze (MWM) that
is similar to rodent-based MWM was used to study
search performance of healthy young and older adults.
The study identified that poor-performing older adults
exhibit low search accuracy, whereas high-performing
older adults exhibited search accuracy comparable to
that of the younger adults (Zhong et al. 2017). Similar
to humans, laboratory rodents are also reported to show
an age-related decline in cognition. A significant deficit
in spatial memory was reported in 18-month-old male

C57BIl/6 mice (compared to 2-month-old mice), and in
22 to 24-month-old male Long-Evans rats (compared to
6 to 8-month-old rats) as measured by the Barnes Maze
and Morris Water maze, respectively (Barreto et al.
2010; Robitsek et al. 2008; Markowska et al. 1998).
Analysis of general learning abilities with a battery of
seven learning tasks (Lashley Maze, passive avoidance,
fear conditioning, odor discrimination, spatial water
maze, spatial radial arm maze, and reinforced alterna-
tion) in young (3 to 5-month-old) and old (19 to 21-
month-old) male and female Balb/C mice showed that
old animals have deficits in five of the seven tasks
(Matzel et al. 2008). Thus, our finding that middle-
aged Sod1KO mice exhibit a decline in cognition sim-
ilar to 27-month-old male C57BL/6 mice is consistent
with accelerated aging. The decline in cognition in the
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Sod1KO mice is associated with alterations in other age-
related parameters, e.g., reduced lifespan (Elchuri et al.
2005; zhang et al. 2013), hearing loss (Keithley
et al. 2005), cataracts (Olofsson et al. 2007), skin thin-
ning and delayed wound healing (Tuchi et al. 2010), loss
of muscle mass (Muller et al. 2006), and dramatic in-
creases in pathological lesions in mice (Snider et al.
2018).

Even though the age-associated decline in learning
and memory is well documented in humans (Davis et al.
2003) and laboratory rodents (Barnes 1988; Forster et al.
1996), the molecular mechanisms underlying the de-
cline in cognition is not clearly understood. Accumula-
tion of oxidative stress with age is one of the proposed
mechanisms for age-associated cognitive decline
(Droge and Schipper 2007; Gemma et al. 2007). Struc-
tural and functional integrity of the hippocampus is
critical for learning and memory, and increased oxida-
tive stress within in the hippocampus has been associ-
ated with age-related cognitive decline (Geinisman et al.
1995; Stebbings et al. 2016; Lynch 1998). In our study
we found that Sod1KO mice have increased oxidative
stress in the hippocampus, as assessed by the levels of 4-
HNE and that this was highly correlated with cognitive
performance. Previously, it has been shown that oxida-
tive stress, as measured by the level of F2-isoprostanes,
is increased by 50% in the brains of 12 to 14-month-old
Sod1KO mice, compared to WT mice (Zhang et al.
2016), and Sod1KO mice show a dramatic increase in
oxidative damage in response to diquat (Han et al.
2008). Furthermore, loss of Sod/ in a mouse model of
Alzheimer’s disease increased oxidative damage in the
brain and exacerbated the memory loss, further
supporting the role of oxidative stress in cognitive de-
cline (Murakami et al. 2011). Oxidative stress increases
in the brain of humans and rodents with age (Calabrese
etal. 2004; Cini and Moretti 1995; Hamilton et al. 2001;
O’Donnell and Lynch 1998; Siqueira et al. 2005; Sohal
et al. 1994) and a recent study in humans suggested that
oxidative stress may be an early biomarker of cognitive
decline with aging (Hajjar et al. 2018). Chronic or
subchronic treatment with antioxidants have been
shown to partially reverse the age-related increase in
oxidative stress and reverse the decline in learning and
memory in old mice further supporting the role of oxi-
dative stress in cognitive decline (Liu et al. 2002,
Carney et al. 1991, Fredriksson and Archer 1996,
Floyd et al. 2002). Finally, oxidative stress in
hippocampus is associated with impairments in
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retention of spatial memory in C57BL/6 J mice and
age-associated cognitive decline in rats (Liu et al.
2014; Nicolle et al. 2001). Thus, our observation that
the high levels of oxidative stress observed in the hip-
pocampus of Sod1KO mice are associated with a de-
cline in cognition supports the concept that oxidative
stress has an important and primary role in the age-
related decline in cognition. In our study, Sod1KO mice
exhibited a deficit in reversal learning, not initial dis-
crimination, that is indicative of a dysfunction in the
coordinated actions of brain regions such as the hippo-
campus, orbitofrontal cortex, dorsal striatum, and amyg-
dala (Vila-Ball6 et al. 2017, Ragozzino 2007; Tait and
Brown 2007; Bissonette and Powell, 2012; Floresco and
Jentsch 2011). In Sprague-Dawley rats, reversal learn-
ing assessed using the Morris water maze is impaired by
blocking hippocampal long-term depression (LTD),
suggesting hippocampal LTD as an integral component
of extinction of a learned task and acquisition of new
information (Dong et al. 2013). Similarly, in C57BL6/N
mice, hippocampal lesions induced by ibotenic acid
disrupted re-learning in water cross maze (Kleinknecht
et al., 2012). Future studies examining oxidative stress
in various brain regions of Sod1 KO mice will be impor-
tant to understand the role of regional differences in
oxidative stress on cognitive function.

Chronic oxidative stress initiates signaling path-
ways that activate production of proinflammatory cy-
tokines by microglia and astrocytes leading to neuro-
inflammation and neurodegeneration (Solleiro-
Villavicencio and Rivas-Arancibia 2018). Neuroin-
flammation is a characteristic feature of aging as well
as various neurodegenerative diseases, and is strongly
associated with cognitive decline in both humans and
rodents (Ojala et al. 2009; Griffin 2006; Simen et al.
2011;Bettioetal. 2017; Valcarcel-Aresetal.2019). We
found increased neuroinflammation in the hippocam-
pus of Sod1KO mice, as shown by the increased ex-
pression of proinflammatory cytokines IL6 and/or IL-
13, marker of activated microglia CD68 (Taipa et al.
2018), microglial activation marker toll-like receptor 4
(TLR4) (Yao et al. 2013), and marker of microglial
recruitment/activation, the monocyte chemoattractant
protein-1 (MCP1) (Yang etal. 2011). A previous study
has reported an increase in the expression of IL-13,
TNF«, and IL-6 in the hippocampus of senescence-
accelerated mice (SAM), which is another mouse mod-
el for accelerated aging that shows a decline in cogni-
tion (Tha et al. 2000).
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IL-183, IL-6, and TNF«x are the three major cyto-
kines associated with age-associated inflammation
(Hager et al. 1994; Pedersen et al. 2003; Ferrucci
etal. 2005; Roubenoffetal. 1998). Among these cyto-
kines, IL-1f3 is reported to affect hippocampal-
dependent learning: an intracerebroventricular injec-
tion of IL-1 3 inrats resulted in poor performance in the
Morris water maze (Oitzl et al. 1993); an increase in
hippocampal IL-1[3 concentration following intraper-
itoneal or intrahippocampal injection of IL-1f im-
paired hippocampal dependent tasks in rats (Gibertini
et al. 1995; Barrientos et al. 2002); and chronic over-
expression of IL-13 in the hippocampus impaired
long-term contextual and spatial memory in spatial
memory in mice (Moore et al. 2009; Hein et al. 2010).
Importantly, IL-1[3 was the only cytokine increased in
both male and female Sod1KO mice suggesting that it
has an important role in cognitive dysfunction in re-
sponse to increased oxidative stress.

As we are using a whole body Sod1KO mice, the
effect of vascular oxidative stress on the observed cog-
nitive deficits cannot be ignored. Studies focusing on the
cerebral microvasculature have shown that oxidative
stress can cause endothelial dysfunction, impaired cere-
bral blood flow dysregulation and cognitive decline
(Toth et al. 2017). In humans, decline in vascular health
has been demonstrated to predict cognitive decline dur-
ing aging (Csipo et al. 2019). Increasing oxidative stress
by genetic deletion of Nrf2, the master transcription
factor that regulates anti-oxidant genes, has been shown
to increase cerebrovascular inflammation, affect
neurovascular coupling responses, promote senescence
and results in cognitive dysfunction (Tarantini et al.
2018a; Fulop et al. 2018). Furthermore, interventions
that attenuate vascular oxidative stress has been shown
to restore microvascular function and cognition
(Tarantini et al. 2018b, 2019).

In summary, our data combined with previous data
on Sod1KO mice demonstrates that this mouse model
exhibits accelerated aging in all tissues and physiologi-
cal functions tested, including cognition (Keithley et al.
2005; Olofsson et al. 2007; Tuchi et al. 2010; Muller
et al. 2006; Larkin et al. 2011; Deepa et al. 2017). Our
study also supports a role of oxidative stress and inflam-
mation in cognitive decline in the Sod1KO mice, which
may also underlie age-associated learning and memory
deficits in neurodegenerative diseases. Therefore, anti-
oxidant or anti-inflammatory interventions may im-
prove cognitive performance with age and impede

progression of neurodegenerative diseases, such as
Alzheimer’s disease.
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