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HIGHLIGHTS

® Deletion of NRF2 resulted in enhanced motor performance.
® Deletion of NRF2 resulted in impaired cognitive performance with age.
® Deletion of NRF2 resulted in subtle changes in brain monoamines.

ARTICLE INFO ABSTRACT

Keywords:
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Oxidative stress has been implicated in both the functional and cognitive decline associated with neu-
ropsychiatric diseases and aging. A master regulator of the body's defense mechanism against oxidative stress is

Nrf2 nuclear factor erythroid 2-related factor (NRF2). Here we investigated the effects of NRF2 deletion on motor and

Active avoidance
Hyperactivity

cognitive performance in “Aged” mice (17-25 months old) as compared to “Mature” mice (3-15 months old). We
observed that the Aged Nrf2™/~ mice were hyperactive and exhibited impaired acquisition of an active

avoidance response. Furthermore, the Mature mice also displayed a hyperactive phenotype and had impaired
working memory in the probe trial of the water radial arm maze. Overall, it appears that NRF2 may be im-
plicated in memory and activity functions and its deletion exacerbates deficits associated with aging. These
observations provide a model for assessing the role of oxidative stress in age-related disorders.

1. Introduction

Oxidative stress has been implicated in several disease states ran-
ging from cancer to neurodegenerative disorders. Endogenously pro-
duced reactive oxygen species (ROS), the oxidative stressors, have the
potential to cause dysfunction in various mechanisms of cellular ac-
tivity and, therefore, require regular removal. A key mechanism for
ROS clearance is via nuclear factor erythroid 2-related factor (NFE2L2)
encoding a protein, NRF2, which functions as a leucine-zipper tran-
scription factor responsible for the downstream expression of multiple
antioxidant proteins that detoxify ROS molecules (Lee and Johnson,
2004; Lambros and Plafker, 2015; Itoh et al., 1997; Hayes and Dinkova-
Kostova, 2014; Wang et al., 2017). NRF2 binds to antioxidant response
elements (ARE) which encode for genes such as NADPH:quinone

oxidoreducatase-1, superoxide dismutase, heme oxygenase-1, catalase,
sulforedoxin, thioredoxin, peroxiredoxin, and glutathione enzymes, all
of which combat ROS (Lee and Johnson, 2004; Itoh et al., 1997; Hayes
and Dinkova-Kostova, 2014). Under reduced conditions, NRF2 is se-
questered in a complex in the cytoplasm by Kelch-like ECH associated
protein 1 (Keapl) and Phosphoglycerate Mutase Family Member 5
(PGAM5) and is marked for degradation by ubiquitination, giving it a
half-life of only 15 min (Lee and Johnson, 2004; Lo and Hannink, 2008;
Kobayashi et al., 2004; Itoh et al., 1997; Hayes and Dinkova-Kostova,
2014). In the presence of ROS, Keapl dissociates from NRF2, thereby
allowing its translocation into the nucleus where it forms a heterodimer
with small Maf proteins and binds to the ARE promoters initiating
transcription of antioxidant genes (Itoh et al., 1997; Hayes and
Dinkova-Kostova, 2014).
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NRF2 has been previously implicated in neuropsychiatric diseases
such as depression, autism, and Alzheimer’s disease (Bouvier et al.,
2016; Furnari et al., 2014; Lipton et al., 2016; Prasad, 2016; Xu et al.,
2017). For example, NRF2 deletion altered neurobehavioral develop-
ment following exposure to valproic acid in motor tasks and has been
shown to result in an increased depression-like phenotype (Bouvier
etal., 2016; Furnari et al., 2014). NRF2 has also been linked to reducing
neuroinflammation and dendritic spine loss (Buendia et al., 2016;
Martin-de-Saavedra et al., 2013). Deletion of NRF2 or inhibition of the
pathway results in reduced dopamine and serotonin levels in the pre-
frontal cortex, as well as, vascular endothelial growth factor (VEGF)
reductions in the hippocampus (Martin-de-Saavedra et al., 2013). Ad-
ditionally, in a chronic stress paradigm, NRF2 was linked to a me-
chanism for antidepressant response following fluoxetine treatment
(Tritschler et al., 2015). Furthermore, activation of the NRF2 pathway
through compounds like sulforaphane can reduce amyloid plaque ac-
cumulation and reduce the working memory deficits in Alzheimer’s
models (Lipton et al., 2016; Prasad, 2016; Xu et al., 2017). Interest-
ingly, a novel role of NRF2 in neurogenesis and neural cell fate was
recently identified where NRF2 deletion resulted in impaired long-term
potentiation, reduced neurogenesis, and neural differentiation
(Robledinos-Antén et al., 2017).

Oxidative stress has been implicated in functional deficits associated
with aging (Muller et al., 2007). There is an age-dependent reduction in
NRF2 and a resulting reduction of downstream antioxidant genes with
increases in oxidative damage in proteins and DNA, culminating in
apoptosis (Shih and Yen, 2006; Miller et al., 2012; Ames et al., 1993).
Using accelerated aging mouse models (SAMP8, SOD1), oxidative stress
accumulation increased circulating levels of pro-inflammatory cyto-
kines (IL-6), activation of Nf-kappaB pathway, and cell senescence
(Zhang et al.,, 2017; Farr et al., 2012). Furthermore, SAMP8 mice
showed working memory deficits and reduced NRF2 levels in the brain,
demonstrating the link between oxidative stress and cognitive function.
However, both the number of mouse models of aging and under-
standing how neural effects contribute to deterioration of cognitive
function is lacking. The present study further investigates the role of
NRF2 in motor and cognitive function as well as a potential age-de-
pendent phenotype.

2. Results
2.1. Mature & aged mice

There was no statistical difference in the spread of age ranges be-
tween Mature Nrf2*/* (9.82 + 2.40 mnths, mean & stdev. respec-
tively) and Nrf2™/~ (11.4 + 2.45 mnths, mean & stdev. respectively)
(t 36 = 1.82, p=0.0768). Similar was true for Aged Nrf2*/*
(23.6 = 2.32 mnths, mean & stdev. respectively) and Nrf2 ™/~
(22.5 = 2.9 mnths, mean & stdev. respectively) (t 21y = 0.945,
p = 0.355).

2.2. Rotarod

Nrf2*/* and Nrf2™/~ mice exhibited differential performance on
the rotarod over the three days of training (F (o, 116) = 6.742,
p = 0.002; Fig. 1), with differences between each group (F (s
ss) = 18.23, p < 0.001; Fig. 1) and an interaction effect between days
of training and group (F (6, 116) = 4.566, p < 0.001). Furthermore, the
Mature Nrf2 ™/~ mice exhibited a significantly longer latency to fall as
compared to the Mature Nrf2*/* counterparts on day 1 (t
@74 = 3.935, p = 0.002, Bonferroni-corrected), as well as Mature
Nrf2”/~ mice compared to Aged Nrf2*/*mice (t a74 = 6.431,
p < 0.001, Bonferroni-corrected) and Aged Nrf2~/~ (t a74 = 6.34,
p < 0.001, Bonferroni-corrected) mice. On the second day of training
an age effect was observed between Mature Nrf2*/* and Aged Nrf2*/
* (t @74 = 3.431, p = 0.014, Bonferroni-corrected), and Mature and
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Aged Nrf2~/~ mice (¢t a74) = 3.498, p = 0.011, Bonferroni-corrected),
and lastly an age and genotype difference was found between Mature
Nrf2 ™/~ and Aged Nrf2"/* (t (5.734) = 5.734, p < 0.001, Bonferroni-
corrected) mice. Mature Nrf2 ™/~ mice had the best performance over
each day, but declined in performance over days whereas all other
groups increased performance over days. Aged Nrf2~/~ mice did not
show this pattern which suggests an age-dependent phenotype.

2.3. Mature Adult mice

2.3.1. Motor activity

To test whether Nrf2™/~ mice have general higher locomotor ac-
tivity levels, they were assessed in an activity chamber. Nrf2 ™/~ mice
demonstrated higher locomotor activity for horizontal movements (t
@7 = 3.361, p = 0.002) than Nrf2"/* mice (Fig. 2A). Additionally,
Nrf2~/~ mice displayed more stereotypic movements as compared to
controls (t 47y = 3.717, p < 0.001; Fig. 2B). Therefore, Nrf2~/~ mice
likely performed better than controls in the rotarod test because of a
general higher activity rather than a learned motor ability over the
trials. Furthermore, since Nrf2~/~ mice demonstrated higher stereo-
typed movements (i.e. fewer new directional movements were made)
these data appear to reflect a hyperactive state.

2.3.2. Anxiogenic Phenotyping

Open Field: There were no group differences in terms of time spent
in the periphery or open areas of the open field chamber (Fig. 3A)
between Mature Nrf2*/* and Nrf2~/~ mice.

Elevated Plus Maze: There were no group differences in terms of
percent of time spent in either arm or number of entries (Fig. 3B & 3C).
These two behavioral measures suggest that the hyperactivity seen in
previous testing was not due to a more anxiogenic phenotype.

2.3.3. Spatial navigation learning Tasks

Morris Water Maze (MWM): Since Nrf2 ™/~ mice appeared to have
higher activity states compared to Nrf2*/* mice, we sought to de-
termine whether their learning was similar or impaired compared to
Nrf2*/* mice in the MWM. During the hidden platform trials, both
Nrf2*/* and Nrf2™/~ mice were able to learn the task and showed
significantly improved performance over four days (F (s, o3y = 26.41,
p < 0.001, Fig. 3A), with no differences between groups. However,
during visible platform trials Nrf2 ™/~ mice performed better than the
Nrf2"/* mice (unpaired two-tailed t-test, t 31) = 2.623, p = 0.013;
Fig. 3B), which likely is the result of their hyperactive state. Both
Nrf2"/* and Nrf2~/~ mice were able to learn the maze and Nrf2 ™/~
mice were better than Nrf2*/* mice in finding the visible platform,
which suggests there was no impairment in spatial navigation.

Water Radial Arm Maze (WRAM): Over the ten days of hidden
platform trials all mice demonstrated ability to learn the task with
decreased latency to find the platform (F o, 225y = 11.38, p < 0.001),
with only a statistical difference between genotypes on day 7 (t
@s0) = 2.837, p = 0.049, Bonferroni corrected; Fig. 4E). Additionally,
there was no statistically significant differences when comparing dis-
tance traveled over the trials between groups (Fig. 4D). During visible
platform trials both groups were able to find the platform with no
difference between groups (Fig. 4C). However, Nrf2~/~ mice spent
significantly less time in the goal arm (previously containing the hidden
platform) during the probe trial (t 37 = 2.231, p = 0.039; Fig. 4F),
which suggests that Nrf2 ™/~ mice may be randomly sampling each arm
looking for the hidden platform, rather than using the contextual clues
for spatial navigation.

2.3.4. Passive avoidance

There was no significant difference between raw calculated Nrf2 "/
* and Nrf2 ™/~ latencies during either the training or test trial (despite
Nrf2"/* mice having a higher test latency) in passive avoidance
learning between first and second trial (Fig. 5A). However, upon further
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Fig. 2. Mature Nrf2~/~ mice display hyperactivity with increased stereotyped
movements. A) Horizontal motor activity measured over 30 min (Nrf2*/*
n =13, Nrf27/~ n = 27). B) Stereotypic behavior measured by percentage of
new directional movements during motor activity task. Bars shown are mean
with S.E.M. “indicates p < 0.01, ““indicates p < 0.001.
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Fig. 1. Nrf2 deletion results in increased perfor-
mance in the rotarod in both Mature and Aged mice.
A) Average rotarod performance over 3-day trials in

k%% Mature and Aged mice (Mature, Nrf2*/* n = 13,
Nrf2~/~ n = 27; Aged, Nrf2™/* n =4, Nrf2™/~
D Matu re'WT n = 12). Bars shown are mean with S.E.M. *indicates

[ Mature-KO

p < 0.05, “indicates “indicates

p < 0.001.

p < 0.01,

Aged-WT
(] Aged-KO

analysis of z-scores to understand individual differences in learning
(comparing the difference in latency of each mouse between the test
trial compared to the training trial) revealed a significant difference
between Nrf2™/* and Nrf2™/~ mice (t (42 = 4.22, p < 0.001;
Fig. 5B). Results suggest that the memory for the shock compartment is
more robust in Nrf2"/* mice compared to Nrf2~/~ mice.

2.4. Aged Mice:

2.4.1. Active avoidance

Nrf2*/* and Nrf2™/~ mice both demonstrated ability to make es-
cape responses immediately during first trials and this improved
throughout testing (F ¢, 113) = 6.301, p < 0.001) with a statistically
significant genotype effect (F (1, 113) = 16.34, p < 0.001; Fig. 6A).
Assessment of escape latency also revealed that both Nrf2*/* and
Nrf2™/~ mice exhibited significant improvement over trials (F (,
115) = 5.138, p < 0.001) with a significant trial by genotype interac-
tion where Nrf2™/~ mice made faster escape responses (F (,
115) = 2.687, p = 0.018; Fig. 6B). Additionally, on day 2, Nrf2~/~ mice
made significantly faster responses compared to Nrf2*/* mice (t
a1s) = 3.457, p = 0.005, Bonferroni corrected).

When measuring the number of avoidance responses, Nrf2*/* and
Nrf2~/~ mice showed acquisition with a significant trial effect (F (,
115) = 6.496, p < 0.001) as well as a genotype effect (F (g,
115 = 13.54, p < 0.001; Fig. 6C). Nrf2*/* mice, on average, made
more avoidance responses than Nrf2~/~ mice, which was significant
with a trial by genotype interaction (F «, ¢gy = 3.292, p = 0.016). La-
tency for avoidance responses was significant with a trial effect (F (,
116) = 3.674, p = 0.002) with a difference between genotypes (F
a.116) = 8.647, p = 0.004; Fig. 6D). Additionally, Nrf2"/* and Nrf2~/
~ mice did not show a difference in total number of escapes plus
avoidance responses (making either escapes or avoidances; data not
shown) indicating mice could learn either response. Then together, this
test demonstrates that in these Aged mice, NRF2 deletion resulted in
decreased cognitive function for learning the avoidance task with no
perturbation (but an actual potentiation) in escape responses.

2.5. Brain chemistry

Mature Nrf2 ™/~ mice exhibited a higher turnover rate of dopamine
in the hippocampus that was statistically significant as compared to
Mature wild type mice (t ) = 3.922, p = 0.006) (Table 1). Ad-
ditionally, Mature Nrf2~/~ mice had higher serotonin levels in cere-
bellum (t () = 2.62, p = 0.029). Aged Nrf2~/~ mice exhibited less
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Fig. 3. No Anxiety-Related Behavior was detected in Mature Nrf2 ™/ ~’s. A) open field time measurements in peripheral and center locations (Nrf2*/* n = 10, Nrf2 ™/
~ n = 16). B) elevated-plus maze measures; times, entries (Nrf27/* n =18, Nrf2™/~ n = 8), C) closed and open arms (Nrf27/" n =10, Nrf2™/~ n = 16). Bars

shown are group mean with S.E.M.

DOPAC levels in the hypothalamus compared to their age matched
controls (t 12 = 3.169, p = 0.008). Aged Nrf2*/* mice also had ele-
vated levels of serotonin in the cerebellum compared to their Mature
wild type counterparts (t (12 = 2.693, p = 0.046, Bonferroni-cor-
rected).

3. Discussion

Mature NRF2 knockout mice displayed a hyperactive state with
enhanced motor activity, enhanced rotarod performance, and shortened
visible platform latency in the Morris water maze. Interestingly, others
have reported that pharmacological activation of NRF2 or NRF2 dele-
tion resulted in no differences in locomotion but reductions in measures
of stress behavior in the Tail Suspension Test and Forced Swim Test
following autoimmune activation with lipopolysaccharide (Martin-de-
Saavedra et al., 2013; Muramatsu et al., 2013; Yao et al., 2016; Zhang
et al., 2017). This reveals an interesting difference with genetic removal
of NRF2 increasing levels of motor movements whereas activation of
NRF2 following immune challenge increased depressive-like behaviors.
It would be interesting to see whether NRF2 activation alone decreases
motor behaviors and how NRF2 may play a part in regulating affective
behaviors as well as how they may change across age.

Additionally, this enhanced motor performance was still present in
Aged knockouts during rotarod testing. Others have shown no change
in rotarod performance when using knockout mice 9-13 weeks of age
(Muramatsu et al., 2013) while we found that Mature and Aged mice
exhibited enhanced performance. Furthermore, this study found a hy-
peractivity state observed in the motor activity chamber that was ac-
companied by an increase in stereotypic movements. Additionally, our
data show that aging influences the rotarod task where Mature mice
perform better than Aged mice.

Deficits in probe trial performance in the water radial arm maze

106

suggests that their ability to find the platforms in both the Morris water
maze and water radial arm maze was more consequent to their hy-
peractivity rather than cognitive capability. That is, their hyperactive
state may have masked a cognitive deficit which was then revealed by
poor probe trial performance. Similarly, although there was no differ-
ence in the latency to re-enter the dark chamber in the passive avoid-
ance paradigm, the negative z-score of the Nrf2 ™/~ mice reflects their
tendency to re-enter faster than the Nrf2*/* mice. Behaviorally,
Nrf2~/~ mice did not show elevated anxiety levels as measured by time
in center of the open field or time in the open arms of the elevated plus
maze. These observations are consistent with previous data showing no
baseline changes in open field tests in terms of distance or time spent.
(Martin-de-Saavedra et al., 2013). Therefore, the evidence suggests that
hyperlocomotion demonstrated by the Nrf2~/~ mice is not due to in-
creased anxiety.

Interestingly, Aged Nrf2™/~ mice also showed deficits in active
avoidance, as evidenced by a significant reduction in the number of
avoidance responses during acquisition. Knockout mice also showed an
increased latency to make avoidance responses, but made fewer avoi-
dances overall and made increased numbers of escape responses with
no change in the latency to make escape responses. Therefore, Nrf2 ™/~
mice demonstrated no overt motor deficit but rather a cognitive deficit
compared to their Nrf2*/" counterparts. Impairments in active
avoidance training demonstrate that Nrf2 may play a role in learning
and memory, warranting further investigation into how it affects brain
circuitry in areas such as the hippocampus and prefrontal cortex. Also,
the need of rescue experiments can demonstrate reversal of deficits can
be accomplished with administration of antioxidants or reversing def-
icits of monoamine dysregulation.

Mature Nrf2~/~ adults had increased dopamine turnover in the
hippocampus and increased serotonin levels in the cerebellum, which
may relate to hyperactivity seen in these mice. They also exhibited a
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Fig. 4. Differences in Spatial Navigation Learning Tasks. A) Morris water maze hidden platform training over 4 days (Nrf2*/* n = 13, Nrf2™/~ n = 20), followed by
B) visible platform testing, C) water radial arm maze visible platform latencies, D) distance travelled over hidden platform training days (Nrf2™/ " n =13, Nrf2~/~
n = 15) and E) latency to find platform. F) probe trial testing on 11th day of testing with percentage of time spent in goal arm previously containing hidden platform.

Bars and line graph shown are group means with S.E.M. *indicates p < 0.05.

dysregulation of dopamine signaling in the hippocampus, resulting in a
deficit in memory tasks. Previous studies using 2-3 month old Nrf2 =/~
mice have shown increases in 5-HIAA levels in the cortex and brain-
stem, increased HVA levels in brainstem, and increased dopamine
turnover in striatum, hippocampus, and brainstem. Another study using
3-4 month-old Swiss mice found a reduction in serotonin, dopamine,
and increased glutamate in prefrontal cortex (Martin-de-Saavedra et al.,
2013; Muramatsu et al., 2013). These observations are in concert with
our present study demonstrating monoamine metabolism dysregulation
in key areas associated with motor behavior, learning, and affective
cognition. An effect of aging was also found in Nrf2*/* mice where
Aged mice had increased serotonin in the cerebellum, an effect which
was not seen in the knockout mice. This effect may reflect an age-de-
pendent change in serotonin that occurs normally during aging and the
deletion of NRF2 accelerates serotonin changes. As with the motor
behaviors, more evidence needs to be collected to better understand the
mechanism behind changes in neurotransmitter levels in conjunction

with age and how this functionally regulates behavior.

NRF2 helps regulate the response to oxidative stress and has been
implicated in several disease states, including the cognitive decline
associated with aging. Here, we describe that NRF2 deletion in both
Mature (age 3-15 months) and Aged (Aged 17-25 months) mice results
in changes in motor performance and a cognitive dysregulation. These
observations may open new avenues for understanding the role of
oxidative stress, both natural and pathological, in aging. Furthermore,
these present findings indicate that a careful investigation of the me-
chanism of both NRF2’s function in relation to behavioral changes is
warranted.

4. Experimental procedure

All procedures were approved by the Rutgers University
Institutional Animal Care and Use Committee. Adult C57 male wild
type (+/+) and NRF2-knockout (—/—) mice were generated as
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Fig. 5. Mature Nrf2 ™/~ mice begin to show cognitive decline in passive avoidance. A) passive avoidance latencies to enter shock zone on training and test trials
(Nrf2*/* n = 22, Nrf2~/~ n = 22). B) Z-score differences between Nrf2"/* and Nrf2 ™/~ relative to individual changes in latencies in test and training trials. Bars

and line graph shown are group means with S.E.M. ~indicates p < 0.001.

described previously (Moi et al., 1994; Shen et al., 2005; Chan et al.,
1996). Mice were single housed with free access to food and water on a
12:12 light/dark cycle. All behavioral testing was done during the light
cycle. “Mature” Nrf2*/* and Nrf2 ™/~ were defined as being between 3
and 15 months old while “Aged” mice of the same genotypes were 17
to 25 months old at testing. Behavioral tests were conducted sequen-
tially with at least 2 days between tests and brain collection was at
least 1 week post last behavioral trial. Ordering of testing follows is
shown by ordering of behavioral procedure as follows below.
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4.1.1. Rotarod

Each mouse was placed onto a 3.75cm diameter rod rotating at
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Nrf2™/~ n = 13), and B) latencies to escape. C) Average number of avoidance responses per group and D) latencies. E) Z-scores showing learning differences between
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Brain chemistry. Catecholamine levels and their metabolites measured via HPLC across Frontal Cortex, Striatum, Hippocampus, Hypothalamus, and Cerebellum in
Mature Nrf2*/* (n = 7), Mature Nrf2~/~ (n = 4), Aged Nrf2*/* (n = 7), and Aged Nrf2~/~ (n = 6) mice. *indicates p < 0.05 effect of genotype, ~indicates
p < 0.01 effect of genotype. #indicates p < 0.05 effect of age, Bonferroni-corrected.

Mature-WT Mature-KO Aged-WT Aged-KO
NT: MEAN S.E.M. MEAN S.E.M. MEAN S.E.M. MEAN S.E.M.
NE 0.42 0.05 0.35 0.06 0.48 0.07 0.50 0.06
DA 6.98 1.11 7.31 2.32 5.81 1.33 7.81 1.25
DOPAC 1.11 0.29 0.85 0.37 1.10 0.21 1.91 0.50
SHT 0.42 0.06 0.54 0.15 0.54 0.17 1.00 0.50
SHIAA 0.03 0.00 0.24 0.22 0.06 0.02 0.37 0.29
HVA 0.34 0.06 0.65 0.23 0.71 0.26 2.69 1.41
DOPAC/DA 0.17 0.05 0.12 0.03 1.00 0.85 0.23 0.05
HVA/DA 0.05 0.01 0.10 0.04 1.84 1.77 0.38 0.23
5-HIAA/5HT 0.08 0.01 0.39 0.34 0.23 0.14 0.23 0.07
STRIATUM

Mature-WT Mature-KO Aged-WT Aged-KO
NT: MEAN S.E.M. MEAN S.E.M. MEAN S.E.M. MEAN S.E.M.
NE 0.26 0.03 0.38 0.14 0.31 0.02 0.43 0.12
DA 7.78 0.86 11.16 2.67 10.01 1.21 9.98 1.90
DOPAC 0.69 0.04 1.73 1.00 1.31 0.43 1.53 0.31
SHT 0.52 0.05 2.27 1.72 1.48 0.67 2.21 1.17
SHIAA 0.05 0.01 0.98 0.60 0.07 0.03 0.12 0.06
HVA 1.06 0.10 1.75 0.56 1.63 0.39 1.79 0.30
DOPAC/DA 0.09 0.01 0.15 0.07 0.13 0.05 0.15 0.01
HVA/DA 0.14 0.02 0.17 0.04 0.17 0.05 0.19 0.03
5-HIAA/5HT 0.10 0.01 1.59 1.01 0.10 0.05 0.11 0.03
HIPPOCAMPUS

Mature-WT Mature-KO Aged-WT Aged-KO
NT: MEAN S.E.M. MEAN S.E.M. MEAN S.E.M. MEAN S.E.M.
NE 0.68 0.09 0.62 0.10 0.51 0.10 0.76 0.22
DA 9.77 1.38 6.92 0.97 9.10 2.06 8.29 1.21
DOPAC 0.83 0.10 0.96 0.21 0.79 0.14 0.98 0.23
SHT 0.52 0.09 0.64 0.22 0.55 0.14 0.90 0.16
SHIAA 0.08 0.02 0.13 0.05 0.09 0.03 0.36 0.13
HVA 0.19 0.07 0.33 0.19 0.38 0.11 1.44 0.66
DOPAC/DA 0.09 0.00 0.14" 0.02 0.13 0.05 0.11 0.01
HVA/DA 0.02 0.01 0.05 0.03 0.10 0.06 0.15 0.07
5-HIAA/5HT 0.16 0.02 0.21 0.03 0.24 0.10 0.47 0.20
HYPOTHALAMUS

Mature-WT Mature-KO Aged-WT Aged-KO
NT: MEAN S.E.M. MEAN S.E.M. MEAN S.E.M. MEAN S.E.M.
NE 1.19 0.11 1.12 0.10 1.53 0.22 1.48 0.26
DA 6.07 1.36 13.31 8.28 10.41 3.22 6.55 1.12
DOPAC 1.11 0.18 1.33 0.79 1.82 0.42 0.65" 0.16
SHT 0.67 0.12 1.39 0.83 1.52 0.58 2.15 0.57
SHIAA 0.07 0.01 0.05 0.03 0.15 0.09 0.32 0.11
HVA 0.41 0.17 1.32 0.89 1.25 0.50 0.98 0.29
DOPAC/DA 0.49 0.34 0.10 0.01 0.21 0.07 0.11 0.03
HVA/DA 0.06 0.02 0.09 0.00 0.19 0.10 0.18 0.06
5-HIAA/SHT 0.12 0.01 0.07 0.04 0.11 0.05 0.29 0.19
CEREBELLUM

Mature-WT Mature-KO Aged-WT Aged-KO
NT: MEAN S.E.M. MEAN S.E.M. MEAN S.E.M. MEAN S.E.M.
NE 0.51 0.05 0.54 0.10 0.52 0.08 0.60 0.09
DA 9.43 2.47 9.97 3.28 13.78 6.28 8.67 1.78
DOPAC 0.43 0.06 0.85 0.62 1.47 0.54 0.70 0.18
SHT 0.05 0.00 0.49" 0.23 0.59* 0.21 0.47 0.11
SHIAA 0.24 0.09 0.03 0.01 0.10 0.04 0.13 0.03
HVA 0.18 0.07 0.65 0.60 0.55 0.18 1.19 0.69
DOPAC/DA 0.05 0.01 0.06 0.03 0.18 0.08 0.09 0.04
HVA/DA 0.02 0.01 0.04 0.03 0.10 0.05 0.05 0.02
5-HIAA/5HT 5.15 2.05 0.15 0.07 1.26 1.12 1.03 0.78

4.1.2. Morris water maze

Testing as previously described with minor modifications (Ames
et al., 1993). The maze consisted of a circular tub measuring 60 cm in
diameter and 26 cm in height. The tub was painted white on the interior
and was filled 3/4 full of water maintained at 23-26 °C and made
opaque with white non-toxic latex paint. A starting point was de-
termined randomly from one of four equally spaced quadrants. In the
visible platform version, a platform measuring 8 cm in diameter and
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painted black was placed in one quadrant of the maze 1.5 cm above the
surface. In the hidden platform trials, an identical platform painted
white sat 2 cm below the surface of the water. Animals received five
trials each day and each animal were allowed a maximum of 60 sec to
reach the escape platform. The position of the hidden platform re-
mained constant throughout the experiment and extra maze cues were
present. If the animal did not reach the platform in 60 secs, a score of 60
was recorded and the animal was gently guided to and placed on the
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platform. During the inter-trial interval, all mice rested atop the plat-
form until the next trial began.

4.1.3. Water radial arm maze

The procedure was described elsewhere (Hyde et al., 1997). Briefly,
mice were placed into one arm (each arm measuring 11 X 30 cm) of an
8-arm maze filled with opaque water with a hidden platform in a dif-
ferent arm (the start arm was selected in a pseudorandomized fashion)
for 3 consecutive trials with a maximum of 60 s/trial for 10 days. On the
11th day, mice received a one-trial probe test with no platform and then
received three trials with a visible platform in a different arm (not the
same goal arm- that was used for the past 10 days) with a maximum of
60 sec. Latency to find the platform was recorded. The maze was sur-
rounded by a curtain with external cues.

4.1.4. Motor activity

Mice were placed in a new cage which was then placed inside a
Plexiglas box (43 X 42 X 9cm) activity chamber with photocells
placed 7 cm apart and surrounding the cage. Photobeam breaks were
recorded over 30 min with respect to horizontal (movement in any di-
rection) and ambulatory (movement in a new direction) movements.
Stereotypy was measured by percentage difference in ambulatory and
horizontal movements normalized to each individual animal, then
averaged per group to assess percent of new movements.

4.1.5. Passive avoidance

Passive avoidance was assessed in a shuttle box divided into two
15 X 12 X 9 compartments, one well-lit and the other rendered dark.
The floor consisted of stainless steel bars 0.75cm apart. Mice were
placed in the illuminated start compartment. Upon entering the dark
compartment, mice received a scrambled foot-shock of 0.8 mA that
continued until they reentered the light compartment (training trial);
24 h later mice were retested to measure memory for the shock com-
partment (test trial). Latency to reenter the dark box was then recorded
with a maximum of 90 sec. Difference in latencies between test and
training trial were calculated and z-scores were taken compared to the
control group; these calculations are described elsewhere (Guilloux
et al., 2011).

4.1.6. Elevated plus maze

Procedure described in more detail elsewhere (Furnari et al., 2014).
In brief, the elevated plus maze, 60 in. above the floor, had two closed
arms measuring 65 x 8 cm, and two open arms measuring 30 cm long
and 9 cm wide with a central area of 5cm x 5cm. Each mouse was
placed in the center square and allowed to explore the maze for 10 min
with number of entries and time spent recorded for each arm.

4.1.7. Open field

Mice were placed in the center of a chamber measuring
55 X 6 X 27 cm and video recorded for five minutes. AnyMaze soft-
ware (Stoelting Co.) recorded movement within the inner area of the
box compared to the outer area of the box, as well as time spent in each
compartment. Data are represented as percent time and distance within
the center area of the chamber.

4.2. Aged mice

4.2.1. Rotarod

Each mouse was placed onto a rotating rod (3.75 cm diameter) that
was rotating at 24 rpm and located 105 cm above a padded area. The
latency of the mice to fall was recorded for a maximum of 30 sec per
trial for a total of 3 trials per day for 3 consecutive days. Data are re-
ported as percent of the 30 s maximum.

4.2.2. Active avoidance
Similar to previously described (Halladay et al., 2000). Briefly, each
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mouse was placed into a Plexiglas T-maze with a 30 X 9 X 11 cm start
box,a 11 X 9 X 22 cm runway and two 11 X 9 X 9 arms, one of which
served as the goal box. The maze had a stainless-steel grid floor
(0.75 cm apart). A 70dB, 10 sec maximum cue served as the condi-
tioned stimulus (CS), after which a 10-sec maximum, 0.8 mA, scram-
bled foot-shock was delivered as the unconditioned stimulus (US). The
US was followed by a 20 X s inter-trial interval (ITI) in the start box.
Mice could avoid the shock by entering the goal box during the CS or
escape the shock by entering to goal box during the US. Mice were
tested for 10 trials per day for 7 days. Data recorded were average la-
tency and number of responses for each avoidance or escape responses,
per 10 trial bins.

4.3. Brain chemistry

At the completion of behavioral studies mice were rapidly decapi-
tated and brains were dissected for the following brain regions: frontal
cortex, hypothalamus, striatum, hippocampus, cerebellum, and teg-
mentum, then flash frozen in liquid nitrogen. Samples were then
homogenized in 0.3ml of 0.4N perchloric acid (Fischer Scientific),
centrifuged at 16,000 x g for 12 min at 4 °C, and supernatant was col-
lected and stored in -80 °C until analysis. Analysis was run through
HPLC-FLD setup as follows: samples were delivered through high-
pressure (Rheodyne) valve fitted with a 20-microliter sample loop onto
a Biophase ODS C-18 reverse-phase column (5 mm, 250x4.6 mm i.d.) at
0.7 ml per minute flow rate, then excited at 280 nm and emission at
315nm with a HP 1100 series fluorescence detector (Allegiant
Technologies). Mobile phase consisted of 0.1375M sodium phosphate
(dibasic), 0.0625M citric acid, 5.0 mg EDTA, and 10% methanol. A
reference mix standard at 25pM concentration for each neuro-
transmitter and metabolite was used for quantitative analysis. Data are
reported as micrograms of neurotransmitter per gram of wet tissue.

4.4. Statistics

Data were analyzed using Prism software 7.0 (GraphPad Software).
Repeated measures, two-way, one-way ANOVA’s, z-score, and multiple
t-tests were run on data with Bonferroni correction when appropriate.
Statistical significance was determined with an alpha value of 0.05.
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