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Abstract

Activation of the antioxidant regulatory transcription factor NRF2 (Nuclear factor erythroid-
derived 2) regulates cellular bioenergetics and improves neuronal health in aging. Yet how NRF2
participates in maintaining synaptic, mitochondrial and cognitive function has not been fully
elucidated. This study investigates how loss of NRF2 affects neuronal metabolism, synaptic
density and cognitive performance in aged mice.

Dendritic arborization as well as synaptic and mitochondrial gene expression was evaluated in
hippocampal neurons isolated from mice lacking NRF2 (NRF2KO) and from wild-type (WT)
C57BL6 mice. Mitochondrial function of these neurons was evaluated using the Seahorse XF
platform. Additionally learning, memory and executive function were assessed in 20 month old
NRF2KO and age-matched WT mice using conditioned fear response (CFR) and odor
discrimination reversal learning (ODRL) tests. Hippocampal bioenergetics was profiled using
mitochondria isolated from these animals and tissue was harvested for assessment of
mitochondrial and synaptic genes.

NRF2KO neurons had reduced dendritic complexity and diminished synaptic gene expression.
This was accompanied by impaired mitochondrial function and decreased mitochondrial gene
expression. Similar mitochondrial deficits were observed in the brains of aged NRF2KO mice.
These animals also had significantly impaired cognitive performance and reduced synaptic gene
expression as well.

These data point to a role for NRF2 in maintaining mitochondrial and cognitive function during
aging and suggest that the transcription factor may be a viable target for cognitive enhancing
interventions. Because mitochondrial dysfunction and cognitive impairment also occur together in
many neurodegenerative conditions there may be broad therapeutic potential of NRF2 activating
agents.
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1. Introduction

The US life expectancy has increased by more than a decade in the past sixty years leading
to an increase in the population of older Americans that is projected to continue, with the
number of people aged 65 and older more than doubling in the coming decades [1]. This
increase in the elderly population has galvanized researchers to uncover the molecular and
biochemical pathways that contribute to healthy brain aging.

Deficits in memory and executive function affect the majority of older individuals [2—6].
This cognitive decline is accompanied by increased mitochondrial dysfunction and oxidative
stress in the brains of aged individuals [7, 8]. Similar metabolic and cognitive deficits are
observed in aged rodents [9-14] and studies have demonstrated a relationship between
mitochondrial dysfunction, oxidative damage and memory impairment in rodents [15-18].

The endogenous antioxidant response pathway protects cells from oxidative stress by
increasing transcription of cytoprotective genes through the binding of the transcription
factor NRF2 (nuclear factor erythroid 2-related factor 2) to antioxidant response elements
(AREs) in the promoters of antioxidant genes [19-21]. NRF2 has also been implicated in
regulating mitochondrial function and biogenesis [22, 23]. Additionally our group and others
have shown that compounds that activate NRF2 improve cognitive and mitochondrial
function in aged animals [24—29]. However, the precise role of NRF2 in age related
cognitive decline and mitochondrial dysfunction has not yet been clearly defined. Here we
use NRF2KO mice to determine how NRF2 participates in neuronal mitochondrial
dysfunction, synaptic plasticity and cognitive performance in aging.

2. Materials and Methods

2.1 Animals

NRF2KO mice were generated from homozygous NRF2KO breading pairs (on a C57BL6
background) acquired from the Jackson Laboratory (Stock# 017009). The homozygous
NRF2KO line was selected because of difficulties breeding heterozygous, namely extremely
small litter sizes. This strain is raised on a C57BL/6 background and so C57BL6 mice were
acquired from the aged rodent colony at the National Institute of Aging to serve as wild-type
(WT) controls. Mice were maintained in a climate-controlled environment with a 12-hr
light/12-hr dark cycle. Diet and water were supplied ad libitum, except during behavioral
testing. All procedures were conducted in accordance with the NIH Guidelines for the Care
and Use of Laboratory Animals and were approved by the institutional Animal Care and Use
Committee of the Portland VA Medical Center. Animals used in behavioral testing were
aged to 6 or 20 months prior to testing, following 3 weeks of behavioral testing animals
were sacrificed and tissue harvested.
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2.2 Behavioral Testing

2.3

Conditioned Fear Response (CFR): During this test mice are habituated to a 16x16x12 inch
test chamber for 5 minutes and freezing behavior is recorded using AnyMaze software.
Immediately following habituation, 3 one-second shocks (0.7 mA) are randomly
administered over a 3 minute period, with no more than one shock per minute. Twenty four
hours later animals are reintroduced to the test chamber for 5 minutes with no shock and
freezing behavior is again recorded. Baseline freezing, during the habituation phase, is
subtracted to quantify the change in freezing behavior induced by the test.

Odor discrimination reversal learning (ODRL): This test has three phases: shaping,
acquisition and shift. In the initial shaping phase mice are introduced to a 12” x 8” x 7”
testing chamber and trained to dig for a food reward in lavender scented bedding material.
Mice are presented with a single bowl containing the food reward that was progressively
filled with bedding in five stages, 0%, 25%, 50%, 75% and 100% filled. The animal must
successfully retrieve the food reward 5 times in a row to advance to the subsequent training
step.

Once the shaping phase is completed the acquisition phase is initiated in which mice are
presented with two cups one containing dried beans and the other string. In every trial one
digging material has a vanilla odor and the other a mint odor and the odor and material
pairings were randomly alternated between trials but balanced over the acquisition phase so
that each mouse is exposed to roughly equal combinations of each odor and digging
material. Whether the baited cup is presented on the right or left side of the apparatus is also
balanced throughout testing. In the acquisition phase the mint-scented bowl is always baited
regardless of digging material. Example trials are found in Table 1. Mice are required to
make 8 correct digs in any bout of 10 in order to reach criterion. The number of trials to
reach criterion is recorded.

The shift phase is initiated immediately after a mouse reaches criterion in the acquisition
phase. In this phase mice are again presented with two cups one containing dried beans and
the other string. In every trial one digging material has the vanilla odor and the other the
mint odor and again the odor + digging material pairings are balanced throughout the trial as
is right/left location of the baited cup. In the shift phase however the cup with the dried
beans is always baited regardless of odor. Again criterion is defined as 8 correct trials in any
bout of 10 and trials to criterion are recorded. Mice are food restricted the night before each
phase of the ODRL in order to motivate the animals.

Isolation of hippocampal mitochondria

At sacrifice hippocampal mitochondria were isolated using a previously described protocol
[30] with slight modifications. Briefly, isolated hippocampi were placed in cold isolation
buffer containing 220 mM mannitol, 70 mM sucrose, 5 MM KH2PO4, 5 mM MgCI2, 2 mM
HEPES, 1 mM EGTA and 0.5% BSA (fatty acid free) and homogenized using an Arrow
Engineering JR4000 homogenizer. Homogenate was centrifuged at 500g for 5 minutes at
4C. The supernatant fraction was then isolated and centrifuged at 14,000 g for 10minutes at
4C. Then the pellet fraction was resuspended in 12% Percoll and carefully layered on top of
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24% Percoll and centrifuged at 16,000 g for 20 minutes at 4C. Protein concentration was
assessed by Bradford Assay.

2.4 Primary Hippocampal Culture and Morphological Analysis

Hippocampal neurons were isolated from NRF2KO and C576BL6 embryonic mice, based
on the methods of Kaech and Banker [31]. Briefly, breeding pairs of NRF2KO and C57BL6
mice were acquired from Jackson Laboratories and embryos were harvested at 18 days of
gestation from anesthetized females. Hippocampi were dissected, gently minced, and
trypsinized to generate suspensions of dispersed neurons, which were then plated in MEM
medium (GIBCO /Life Technologies), 5% FBS (Atlanta Biologicals), and 0.6% glucose
(Sigma-Aldrich). After 3 hours, the medium was removed and replaced with Neurobasal
Medium supplemented with 1x GlutaMAX (GIBCO/L.ife Technologies) and 1x Neuronal
Culture Medium Supplement (Thermo).

For Sholl analyses of dendritic complexity, we plated 130,000 hippocampal neurons in 60
mm dishes in 1x MEM with 5% FBS, each dish containing 3 poly-L-lysine-coated glass
coverslips with paraffin wax spacers. After 3 hours, the coverslips were flipped into 60 mm
dishes containing mouse neural stem cell-derived glial cells (provided by Dr. Gary Banker,
Jungers Center, OHSU) and maintained in 6 ml Neurobasal medium with GlutaMAX and
Neuronal Culture Medium Supplement. Each dish was fed every week by removing 1 ml of
the culture medium and adding 1 ml fresh Neurobasal medium containing GlutaMAX plus
Neuronal Culture Medium Supplement, with the first feed at 5 days in vitro (DIV)
containing 6 UM cytosine p-D-arabinofuranoside hydrochloride (AraC; Sigma-Aldrich).
Each coverslip was fixed in 4% PFA in PBS at 19 DIV, when neurons are mature and
undergoing the process of synaptogenesis and their dendritic processes are robsutly
quanitfiable [31]. Coverslips were stained with Anti-MAP2B (Sigma-Aldrich #M4403; 3.3
ug/ml) and Goat anti-mouse 1gG1-Cy3 (Jackson ImmunoResearch #115-165-205; 1.5ug/
ml). Immunostained neurons were imaged with a Zeiss ApoTome2 microscope and blinded
Sholl analyses were performed using the Fiji platform [32] with the plug-in created by
Ferreira et al. [33]. Thirty isolated, non-overlapping cells were analyzed per coverslip.
Arborization data was pooled across 3 independent experiments (3-5 coverslips per
genotype in each experiment) providing at least 500 cells per genotype. Statistical
differences between treatment groups were calculated using Student’s unpaired t-tests.

2.5 Reactive Oxygen Species quantification

Primary hippocampal neurons from E18 embryos were plated at a concentration of 75,000
cells per well in a lysine coated 96 well plate and allowed to grow in Neurobasal medium
with GlutaMAX and Neuronal Culture Medium Supplement for 7 days. This time point was
selected because without a feeder layer of glial cells the neurons can only survive about 10—
14 days so 7 days would allow us to capture changes that occur in the cell before viability
becomes an issue. Reactive oxygen species (ROS) content was assessed by a Cellular ROS
Assay Kit (Abcam 113851) as per the kit’s instructions. A Bradford Assay was used to
normalize the values to the total protein content of each well. Data was collected across 3
independent experiments with at least 6 wells per genotype in each experiment.
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2.6 Neuronal ATP quantification

Neurons were plated on poly-L-lysine coated 12 well plates at a density of 250,000 cells per
well. On the 7th day in vitro cells were lysed with 0.1% Triton X 100 in PBS and incubated
with the reaction solution for 15 min at room temperature, prior to measurement. Again day
7 was chosen to ensure evaluation of cellular changes at a time point where it would not be
confounded by cell death. ATP was quantified using the ATP determination kit (Life
Technologies), as per the manufacturer’s instructions. Values were normalized to total
protein content, as determined by Bradford Assay. Data was collected across 3 independent
experiments with 6-12 wells per genotype in each experiment.

2.7 Analysis of Mitochondrial Function

Mitochondrial function was assessed using the Seahorse Bioscience XF24 Extracellular Flux
Analyzer. For primary neurons, cells were plated on poly-L-lysine coated Seahorse XF
culture plates (Agilent) at a density of 75,000 cells/well. As per the Agilent recommended
protocol a range of cell densities was evaluated prior to choosing 75,000. Basal respiration
was measured at densities of 25,000, 50,000, 75,000, 100,000, 125,000, and 150,000 cells
per well and 75,000 was chosen for experimental purposes as it fell in the middle of the
linear range of those densities (data not shown). On day 7 cells were rinsed in assay medium
(pH 7.4) containing XF Base medium (Agilent), 5.5mM glucose and 1mM sodium-pyruvate.
Cells remained in assay medium 1h at 37 C in a non-CO2 incubator prior to initializing the
Seahorse24XF analysis. Using the MitoStress Kit as previously described [30], OCR was
measured under varying conditions. After three initial baseline measurements of OCR, the
ATP synthase inhibitor oligomycin (1 uM) was added and three subsequent measurements
were taken. Next an ETC accelerator, p-trifluoromethoxy carbonyl cyanide phenyl
hydrazone (FCCP at 1.5 uM), was added and after 3 measurements were taken,
mitochondrial inhibitors rotenone (1 uM) and antimycin (1 uM) were added, and three final
measurements were taken. Each measurement was taken at 3 minute intervals following the
compound injection and 1 minute of mixing. Data were normalized to total DNA content,
which was determined from each well using the CyQuant kit (Invitrogen) as per the
manufacturer’s instructions. Data was collected across 4 independent experiments with at
least 6 wells per genotype in each experiment.

For analysis of hippocampal bioenergetics of aged animals, isolated mitochondria were
plated on Seahorse XF culture plates at a concentration of 2ug of total protein/well with 3-4
replicate wells per animal. The plate was centrifuged for 15 minutes at 2000xg and oxygen
consumption rates (OCR) were measured under varying conditions using the MitoStress Kit
as described above but with the addition of a saturating concentration of ADP (2mM)
injection following the basal measurements as previously described [30], to ensure
maximum state I11 respiration. As with the isolated neurons his was followed by the addition
of inhibitor oligomycin (2 uM) to induce state IV respiration and three additional
measurements were taken. Next FCCP (4 uM), was added to induce maximal uncoupled
(state I11u) respiration and after 3 measurements were taken, rotenone (1 pM) and antimycin
(1 uM) were added, and three final measurements were taken.
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2.8 Gene Expression

For gene expression analysis primary neurons were plated on poly-L-lysine coated 12 well
plates at a concentration of 250,000 cells/well. On day 7 RNA was extracted using Tri-
Reagent (Molecular Research Center) and reverse transcribed with the Superscript 111 First
Strand Synthesis kit (Invitrogen) to generate cDNA as per the manufacturer’s instructions
Tissue samples from the hippocampus and frontal cortex of aged animals were homogenized
and RNA was extracted also using Tri-Reagent and reverse transcribed with Superscript I11.

Relative gene expression was determined using TagMan Gene Expression Master Mix
(Invitrogen) and commercially available TagMan primers (Invitrogen) for synaptophysin,
post-synaptic density protein 95 (PSD95), mitochondrially encoded NADH dehydrogenase 1
(Mt-ND1), mitochondrially encoded cytochrome B (Mt-CYB), mitochondrially encoded
cytochrome ¢ oxidase 1 (Mt-CO1), mitochondrially encoded ATP synthase 6 (Mt-ATP6) and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Quantitative PCR (qPCR) was
performed on a StepOne Plus Machine (Applied Biosystems) and analyzed using the delta-
delta Ct method normalizing to GAPDH expression.

2.9 Graphs and Statistics

All bar graphs have error bars reflecting standard error of the mean. Statistical significance
was determined using t-tests for the primary neuron comparisons of WT vs NRF2KO or
ANOVAs followed by post-hoc analysis with Tukey HSD pairwise comparisons for the /n
vivo data which included young and old mice of each genotype. Significance was defined as
p <0.05. Analyses were performed u sing Excel or GraphPad Prism 6.

3. Results

3.1 NRF2KO neurons have impaired dendritic arborization and synaptic density

It has been previously reported that after several weeks in culture hippocampal neurons
isolated from mouse models of neurodegenerative disease display a dystrophic phenotype
characterized by reduced dendritic arborization and a reduction in spine density [34-36]. We
observed a similar impairment in arborization in NRF2KO neurons after 3 weeks in culture
(Figure 1a). There was also a reduction in the expression of the synaptic genes PSD95 and
synaptophysin in NRF2KO neurons (Figure 1b).

3.2 NRF2KO neurons have increased levels of ROS

Intracellular ROS of hippocampal neurons was quantified after 7 days /n vitro. There was a
significant increase in ROS content in NRF2KO hippocampal neurons as compared to WT
neurons (Figure 2).

3.3 NRF2KO neurons display deficits in mitochondrial function

The bioenergetic profile of hippocampal neurons was determined using the Seahorse XF

Analyzer (Figure 3a). NRF2KO neurons exhibited significantly reduced basal and maximal
(FCCP-stimulated) respiratory rates (Figure 3b). Although the FCCP-stimulated respiratory
rate was higher than basal for both WTs and KOs, it did not reach statistical significance in
either genotype. This is not unsual however as different cell types respond differently to the
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compounds in the Seahorse assay and previous reports looking at mitochondrial function
from brain-derived tissue show the OCR achieved with FCCP-administration following
oligmoycin treatment is similar to basal levels [30, 37]. There was also a diminished spare
capacity in NRF2KO neurons (Figure 3b). Spare capacity, or reserve capacity reflects the
amount of extra ATP that can be produced by oxidative phosphorylation in case of a sudden
increase in energy demand. ATP content was also reduced in NRF2KO neurons (Figure 3c).
This was accompanied by a coordinate downregulation in the expression of the genes Mt-
ND1, Mt-CYB, Mt-CO1 and Mt-ATP6, which encode proteins in complexes I, I1I, IV and V
of the ETC respectively was likewise reduced in NRF2KO neurons (Figure 3d).

3.4 Aged NRF2KO mice have impaired learning, memory and executive function

Executive function was assessed in 6 and 20 month old animals using the Odor
Discrimination Reversal Learning (ODRL) test. The acquisition phase of the ODRL
evaluates learning while the shift phase specifically assesses the cognitive flexibility domain
of executive function, by monitoring the ability of the animal to ignore the previously
learned association (odor) and start paying attention to a second discriminatory dimension
(digging material). Aged male and female NRF2KO mice displayed impairments in both the
acquisition and shift phases of this test relative to WTs, taking more trials to reach criterion
in each phase of the test (Figure 4a). Young animals required fewer trials to learn the
association than older animals but there was no difference between genotypes in either sex.

The conditioned fear response test (CFR) evaluates contextual memory. In this test the
amount of time a mouse freezes when placed in a chamber where it previously received a
shock is measured and a longer freezing time indicates that the mouse remembers the
association of the chamber with the foot shock. We observed that both male and female aged
NRF2KO mice froze significantly less than their WT age matched counterparts (Figure 4b).
There were no differences between genotypes in either sex in the young animals although
there was a trend toward both male and female aged WT mice freezing longer than young
WT animals. (Figure 4b)

3.5 Mitochondrial and synaptic gene expression is reduced in the brains of aged NRF2KO

mice

The expression of the synaptic genes PSD95 and synaptophysin were reduced in the
hippocampus and frontal cortex of both male and female NRF2KO mice (Figure 5a and 5b).
A similar reduction was observed in the expression of mitochondrial genes in these animals
(Figure 5c and 5d). No differences were observed between the genotypes in young mice of
either sex for any of the genes measured (Figure 5a-5d).

3.6 Hippocampal mitochondrial function is impaired in aged NRF2KO mice

Aged NRF2KO mice displayed a deficit in hippocampal mitochondrial bioenergetics that
was apparent in younger mice (Figure 6a). Mitochondria isolated from the hippocampus of
aged male and female NRF2KO mice had reductions in both basal and ADP-stimulated,
state 111, respiration relative to WT mice (Figure 6b). A diminished respiratory control ratio
(RCR, the difference between state 111 and oligomycin induced state IV respiration) was also
observed in aged NRF2KO animals compared to the aged WT animals (Figure 6c). There
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were no differences in mitochondrial function in the young animals of either genotype
although the respiratory rate was significantly higher for all young animals as compared to
their older counterparts regardless of sex or genotype. Consistent with previous reports in
isolated brain mitochondria the maximum respiratory state was achieved following ADP
administration and there was only a modest increase in uncoupled or state I1lu respiration
following FCCP stimulated in all ages and genotypes [30].

4. Discussion

As the brain ages free radicals accumulate damaging cellular macromolecules while at the
same time the brain’s ability to counterbalance this increase with endogenous antioxidant
defenses is diminished [38]. The resulting increase in oxidative stress is believed to
contribute to the energetic and synaptic decline that also occurs during aging [39]. This has
led to a growing interest in targeting the NRF2 regulated endogenous antioxidant response
pathway for cognitive enhancing interventions. Several studies have shown that dietary
inventions with compounds known to activate NRF2 improve cognitive function in older
adults [26, 40-42]. A similar relationship between NRF2 activation and cognitive
improvements has been observed in rodent models of aging as well [43-45]. In fact our own
lab has shown that a NRF2 activating extract of the plant Centella asiaticaimproved
learning, memory and executive function in aged mice and this improvement was
accompanied by enhanced brain mitochondrial function [28, 29]. The effects of NRF2
activation on mitochondrial function has been similarly demonstrated in other mouse models
systems as well [46, 47] yet the exact relationship between NRF2, mitochondrial function
and cognition during aging remains unknown. In the study, we explore the role of NRF2 in
mitochondrial function as well as learning, memory and executive function during aging.

We found that neurons isolated from NRF2KO mice had reduced dendritic complexity as
well as decreased expression of synaptic genes suggesting the involvement of NRF2 in
synaptic plasticity. Although to our knowledge this is the first report of morphological
changes in isolated neurons lacking NRF2, this finding is in line with other studies,
including some from our own lab, showing that compounds that activate NRF2 increase
dendritic arborization and spine density [34, 48, 49]. Because synaptic density is so tightly
correlated with cognitive function, our findings in NRF2KO neurons suggest that if similar
changes in synaptic density occur /n vivo then cognitive impairments may be evident in
NRF2KO animals as well.

Interestingly we did see changes in both synaptic gene expression as well as cognitive
function but only in the aged animals. Although our results in isolated embryonic neurons
made us thing we might also observe an effect of the loss of NRF2 in young animals as well,
this was not the case. We observed a reduction in hippocampal and cortical expression of
synaptic genes in 20 month old NRF2KO mice relative to their age-matched WT
counterparts. This suggests potential alterations in synaptic density although future
experiments evaluating dendritic complexity and spine density are necessary to definitely
confirm this. However, this change in gene expression was accompanied by significant
impairments in learning, memory and executive function in these animals. Executive
function includes elements like impulse control, attention, planning, cognitive flexibility and
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problem solving. It is mediated by the prefrontal cortex and is very sensitive to age-related
decline [2, 50]. The Wisconsin Card Sorting Test (WCST) is one of a number of widely used
tests to assess executive function in humans. In this task subjects are required to adapt
behavioral responses to choose the “correct” stimulus array based on sudden rule changes
across multiple modalities [51]. Performance in this task is tightly controlled by the
prefrontal cortex and declines with age [52]. The ODRL, also called attention set shifting
task, is a parallel test that has been developed for rats and, more recently, mice [53, 54]. Like
the WCST the ODRL requires paying attention to relevant stimuli while ignoring irrelevant
stimuli and subsequently shifting the attention, either within dimensions or between
dimensions of the test stimuli, and thus reflects the cognitive flexibility aspects of executive
functioning of the animal [53]. Also like the WCST performance in the ODRL declines with
age [12, 55]. Aged male and female NRF2KO mice performed significantly worse in both
the acquisition and shift phases of ODRL test indicating impairments in learning as well as
executive function while no differences were seen in the young NRF2KO animals compared
to the young WT animals.

Aged NRF2KO mice also performed more poorly in the CFR test indicating impaired
contextual memory relative to age matched WT animals. Although there was no effect of the
knockout in young animals, surprisingly, young WT mice of both sexes tended to freeze less
than old mice, implying that the contextual memory was improved with age in WT, but not
NRF2KO, animals. This unexpected finding is consistent with previous reports that freezing
decreases with age [56] and could be related to greater total activity in the young animals or
altered sensitivity to pain in the older animals. Future work is needed to control for these
factors and determine if in fact performance in this test is not diminished with age.

Performance in CFR is regulated by inputs from both the hippocampus and amygdala
suggesting that the cognitive consequences of loss of NRF2 are not limited to any one brain
region. Our gene expression data support this as we saw comparable reductions in synaptic
gene expression in both the hippocampus and frontal cortex of aged NRF2KO animals.

A similar exacerbation of cognitive impairment and reduction in synaptic density has been
observed in response to RNAI induced downregulation of NRF2 in the senescence-
accelerated mouse prone 8 (SAMP8) mouse model of aging. In these animals down-
regulation of NRF2 resulted in decreased protein expression of PSD95 and synaptophysin
and impaired spatial and recognition memory [57]. Conversely, activation of NRF2 has been
shown to improve cognitive performance. The NRF2 activating compounds lycopene,
naringenin, apigen and quercetin as well as a NRF2 activating extraqct of Centella asiatica
have all been shown to improve cognitive function in rodent models of aging [28, 58-64]
further supporting a role for NRF2 in maintaining cognitive function during aging.

We also observed significant bioenergetic deficits in isolated NRF2KO neurons. These cells
had impaired basal and maximal respiration, reduced spare capacity and diminished ATP
content relative to WT cells. The expression of genes encoding enzymes in the ETC was
also reduced in the NRF2KO neurons possibly reflecting a decrease in mitochondrial
number, although further experiments using electron microscopy or monitoring citrate
synthase activity would be necessary in order to confirm an effect on mitochondrial number.
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Taken together the results presented here indicate a potential role for NRF2 in regulating
mitochondrial function and biogenesis. This is consistent with other reports investigating the
effects of loss of NRF2 in other cell types. Embryonic fibroblasts isolated from NRF2KO
mice have similarly been shown to have decreased basal and maximal respiration as well as
reduced ATP content [65]. Moreover activation of NRF2 has been shown to improve
mitochondrial function and induce mitochondrial biogenesis in murine cardiomyocytes and
primary neurons as well as in human fibroblasts [66-69].

As with the cognitive endpoints, we observed metabolic deficits in isolated hippocampal
mitochondria from NRF2KO mice but these impairments were only evident in the brains of
aged and not young NRF2KO mice. Again based on our results in isolated embryonic
neurons we would have expected mitochondrial respiration to be reduced in the young
animals as well. Our extraction technique did not allow us to differentiate between neuronal
mitochondria and those from other cell types so it is possible there is some sort of
compensatory response from non-neuronal cell types in the young brain. Although more
experiments are needed to determine exactly why a decrease was not observed in the young
mouse brain these findings are in accordance with previous work by our group and others
indicating that primary hippocampal neurons in culture show similar synaptic and
bioenergetics phenotypes as the is seen in the brains of aged animals [29, 34, 35, 69, 70].

We observed reduced ETC gene expression was in the hippocampus and cortex of both male
and female aged NRF2KO mice relative to age-matched WT controls. Isolated hippocampal
mitochondria these animals similarly displayed impaired basal and ADP-stimulated
respiration as well as a reduced RCR. These results are consistent with previous reports
where loss of NRF2 has showed to impair mitochondrial function in a variety of tissue types
including the brain, liver and heart of NRF2KO mice [65] and reduced mitochondrial
number in skeletal muscle [71]. Conversely, the NRF2 activating compound dimethyl
fumarate was shown to improve mitochondrial function and induce biogenesis in the brain,
muscle and liver of treated mice [66] and our lab has likewise shown that a NRF2 activating
extract of Centella asiatica can increase expression of ETC genes in the brains of aged mice
[28, 29]. While our results suggest a role for NRF2 in maintaining proper mitochondrial
function during aging, future experiments including quantification of ATP and ROS in
different brain regions would certainly strengthen this conclusion. Work is ongoing in our
lab exploring additional ages of mice to determine when the deficit in brain mitochondrial
function becomes apparent and these endpoints will be included in those analyses.

5. Conclusions

The findings from this study demonstrate that the transcription factor NRF2 plays an
important role in maintaining neuronal mitochondrial function, synaptic plasticity and
cognitive performance during aging. Loss of NRF2 has profound effects on mitochondrial
function both /n vitroand in vivo in aged animals and results in significantly impaired
learning, memory and executive function in aged mice. While these findings suggest that
increased oxidative damage contributes to these deteriorations, and in fact we demonstrated
that NRF2KO cells in culture do have an increased production in ROS relative to WT cells,
further experiments verifying increased oxidative damage in vivo are needed to confirm this
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fact. Inflammatory endpoints will also be important to investigate in future work since
inflammation is also known to increase with aging [72] and because of the complex
interplay between inflammatory pathways, oxidative stress and mitochondrial function.
Nevertheless, these results suggest that targeting NRF2 pharmacologically could be an
effective cognitive enhancing strategy. It would be interesting in future work to investigate
whether loss of NRF2 accelerates age-related cognitive and metabolic deficiencies and also
to explore whether long-term activation of NRF2 beginning in young animals could slow or
prevent age-related metabolic and cognitive decline. Experiments are currently underway in
our lab to address both of these questions. Additionally because increased oxidative stress,
mitochondrial dysfunction and cognitive impairment are common features of many
neurodegenerative conditions, including Alzheimer’s disease, Parkinson’s disease and
multiple sclerosis, it is possible that NRF2 activation may be a more broadly relevant
therapeutic strategy beyond healthy aging.
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Highlights
. Neurons lacking NRF2 have reduced synaptic density and dendritic
arborization.
. Neurons lacking NRF2 have increased oxidative stress and mitochondrial

dysfunction.

. Aged NRF2KO mice display deficits in learning, memory and executive
function.

. No differences in cognitive function are observed in young NRF2KO mice.
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Figure 1: NRF2KO neurons have reduced dendritic complexity and decreased synaptic gene

expression.

(A) Isolated NRF2KO hippocampal neurons grown in culture for 19 days have diminished
dendritic arborization relative to neurons from WT (C57BL/6) mice. n=500 cells per
genotype across 3 independent experiments. (B) NRF2KO hippocampal neurons have
reduced expression of synaptic genes relative to WT controls. n=12-15 wells per genotype,

*p<0.05
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Figure 2: NRF2KO neurons have increased ROS content.
Isolated NRF2KO hippocampal neurons grown in culture for 7 days have increased ROS

content relative to WT controls. n=15-24 wells per genotype, across 3 independent
experiments
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Figure 3: NRF2KO neurons have impaired mitochondrial function.

pmol O2/min/ug DNA

B
Rotenone &
Antimycin

2.0 FCCP eWT 2

Oligomycin %

BNRF2KO €

1.5 l 2

i

E

H

1.0 §

o

<

§

)

0.5 z

o
0.

1 2 3 4 5 6 7 8 9 10 11 12
Time Point
(3 minute measurement intervals)

£
2

g * D
o
3
a
]
<
°
E
=8

NRF2KO

(pmoliminfug DNA)

BWT
0 NRF2KO

*
e

|8

Fold Induction

Spare Capacity

BwT
ONRF2KO

-

MT-ATP6

Page 19

Hippocampal neurons isolated from NRF2KO mice grown in culture for 7 days have (A) an
altered bioenergetic profile relative to WT neurons with (B) impaired basal and maximal
(FCCP-stimulated) respiration as well as spare capacity. n=16-20 wells per genotype. (C)

NRF2 neurons also have reduced ATP content and (D) diminished expression of genes

encoding enzymes in the ETC. n=12-16 wells per genotype, across 4 experiments *p<0.05,

**p<0.01
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Figure 4: Aged NRF2KO mice have cognitive deficits relative to aged WT animals.
(A) In both phases of the ODRL 20 month old NRF2KO mice took more trials to reach

criterion than age-matched WT mice. There was no difference due to genotype in either
phase in the number of trials to reach criteria for the 6 month old mice (B) Aged NRF2KO
mice froze significantly less in the CFR test than aged matched WT mice. There were no
differences in freezing times between genotypes in the 6 month old animals. n=5-8 animals
per condition,*p<0.05, **p<0.01
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Figure 5: Aged NRF2KO animals have reduced hippocampal and cortical expression of synaptic
and mitochondrial genes.

The expression of synaptic genes reduced in the (A) hippocampus and (B) frontal cortex on
aged NRF2KO mice as compared to age matched WT mice but no changes were observed in
young animals. A trend toward reduced expression of ETC genes was likewise observed in
the (C) hippocampus and (D) frontal cortex of aged NRF2KO mice relative to their age
matched controls but again no effect was seen in young animals. All gene expression shown
is fold induction relative to the WT animals of that age and gender. n=5-8 mice of each
gender per genotype, *p<0.05.
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Figure 6: Aged NRF2KO mice have impaired hippocampal mitochondria function.
(A) Isolated hippocampal mitochondria from aged NRF2KO animals show an altered

bioenergetic profile relative to mitochondria isolated from aged WT mice. Young mice
showed increased oxygen consumption relative to aged mice regardless of sex and genotype.
(B) Significant reductions in basal and ADP stimulated respiration as well as (C) respiratory
control ratio (RCR) were apparent in hippocampal mitochondria from both aged male and
female NRF2KO mice. These parameters were all reduced in aged mice relative to young
mice but there was no difference between WT and NRF2KO mice at the young age n=5-8 of
each gender per genotype. *p<0.05, pairs of letters indicate statistical significance p<0.001
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Table 1:

Example of test pairings for Odor Discrimination Reversal Learning (ODRL) test.

Right Position | Left Position
Acquisition Phase D1+01 D2+02
D1+02 D2+01
D2+01 D1+02
D2+02 D1+01
Shift Phase D1+01 D2+02
D1+02 D2+01
D2+01 D1+02
D2+02 D1+0O1

Representative combinations of odor and digging material pairings during each phase of the ODRL. D1= dried bean, D2= string, Ol1=vanilla,
O2=mint. ltalicized indicates correct trial
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