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Abstract

Affective spectrum and anxiety disorders have come to be recognized as the most prevalently
diagnosed psychiatric disorders. Among a suite of potential causes, changes in mitochondrial
energy metabolism and function have been associated with such disorders. Thus, proteins that
specifically change mitochondrial functionality could be identified as molecular targets for drugs
related to treatment for affective spectrum disorders. Here, we report generation of transgenic
mice overexpressing the scaffolding and mitophagy related protein Sequestosomel (SQSTM1/
p62) or a single point mutant (P392L) in the UBA domain of SQSTM1/p62. We show that
overexpression of SQSTM1/p62 increases mitochondrial energy output and improves transcription
factor import into the mitochondrial matrix. These elevated levels of mitochondrial functionality
correlate directly with discernible improvements in mouse behaviors related to affective spectrum
and anxiety disorders. We also describe how overexpression of SQSTM1/p62 improves spatial
learning and long term memory formation in these transgenic mice. These results suggest that
SQSTM1/p62 provides an attractive target for therapeutic agents potentially suitable for the
treatment of anxiety and affective spectrum disorders.
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1. Introduction

While the molecular mechanisms behind neurodegeneration are often ambiguous,
dysfunction of mitochondrial dynamics has emerged in recent years as a hallmark feature of
neurodegenerative disease. Dysfunction of mitochondria leads to impaired energy
metabolism, reduced ATP production, and disruption of mitochondrial calcium homeostasis
and increased production of oxygen radicals [5]. Cell types with the highest energy
demands, such as muscle or neurons, appear to be the most susceptible to mitochondrial
dysfunction [77].

Evidence is accumulating that mitochondrial function is related to the pathophysiology and
treatment of behavioral disorders [18]. In general, anxiety disorders are the most prevalent
psychiatric disorders diagnosed and have been related back to altered energy metabolism,
mitochondrial transport and oxidative stress. ATP production through the mitochondrial
electron transport chain is necessary for the survival of neurons, and protein signaling
cascades have been shown to mediate synapse changes, as well as other long term changes
in neuronal structure [7]. Altered levels of proteins specifically involved in
neurotransmission, energy metabolism and oxidative stress have been found in lab mice
diagnosed as “high anxiety” by elevated-plus maze analysis [19]. Deletion of Bcl-2, a major
modulator of mitochondria function, has been related to increased anxiolytic activity in a
mouse behavior model [18]. Furthermore, monoamines, such as serotonin, have for years
been included in causative hypotheses related to depression. Substantial decreases in
serotonin levels in brain regions of a genetic mouse model of bipolar disorder were
correlated with decreased mtDNA levels and multiple mtDNA deletions [42]. Changes in
mitochondrial functionality resulting in inflammation have also been offered as an
explanation for major depression disorders [20]. Collectively, such studies have revealed a
strong correlation between proteins specific to mitochondrial function and behavior patterns
associated with affective spectrum disorders.

The ubiquitous cytoplasmic protein Sequestosomel (SQSTM1/p62) was originally cloned as
a phosphotyrosine-independent ligand of the p56!k Src homology (SH2) domain [62] and
identified as a ubiquitin binding protein [76] via its UBA domain [10]. Mutations in the C-
terminal UBA domain of p62, particularly those affecting ubiquitin binding, have been
associated with Paget’s Disease of Bone [9, 48]. The most common of these mutations,
P392L, impairs ubiquitin binding however, the transcription factor NF-xB is constitutively
activated when ubiquitin binding is absent with this mutation [65]. p62 is also implicated in
multiple cellular activities including antioxidant metabolism [34], autophagy/mitophagy
[23], and the ubiquitin proteasome system [69], as well as serving as a scaffold for aPKC/
TRAF6 mediated activation of NF-xB [17]. Interestingly, loss of NF-xB activity in p62~/~
brain contributes to increased generation of Reactive Oxidative Species (ROS) in neurons
and glial cells [17] while NF-xB presence in brain cells is required for long term
potentiation (LTP), neurogenesis and memory formation [2, 14]. Moreover, p62 mediates
the phosphorylation of the AMPA receptor subunit GIuR1 by atypical PKC further
implicating that it plays a role in synaptic transmission and neuronal plasticity [35].

Growing lines of evidence support a strong correlation between p62 expression and
mitochondrial function. p62 is recruited to mitochondria in PINK1/Parkin expressing cells
[61], as well as being required for the completion of the mitophagy pathway [49, 61].
Recently, we have shown that p62 has an endogenous association with mitochondria where
it spans the mitochondrial membrane and affects import of the mitochondrial transcription
factor TFAM [70]. Loss of TFAM import into the mitochondria matrix results in decreased
mitochondrial DNA (mtDNA) ultimately leading to mitochondrial dysfunction.
Overexpression of p62 in Mouse Embryonic Fibroblast (MEF) cells results in increased
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levels of mtDNA. Further, restored expression of p62 rescues TFAM import into the
mitochondrial matrix resulting in restoration of mitochondrial functionality [70].

Previously, our laboratory analyzed the behavior of mice in which the p62 gene had been
deactivated (p62~/~ mice). These mice were tested for their ability to complete spatio-
temporal tasks as well as their susceptibility to overall affective spectrum disorders [64].
Absence of p62 from neural tissue in these mice resulted in hippocampal dependent
cognitive decline and increased anxiolytic behavior. These mice also displayed a significant
degree of depression when compared to wild-type (WT), a phenotype indicative of
mitochondrial defects [42], while maintaining normal motor neuron function [64]. Loss of
synapses and tau-pathology, as well as other signs of neurodegeneration, are also
characteristic of the loss of p62 suggestive of traits related to Alzheimer’s disease [45,72].
Thus, p62 appears to be a prime candidate for a protein that changes the functionality of
mitochondria and also affects changes in behavior patterns in a mouse model.

Because removal of p62 has proven to be deleterious to mitochondria function, as well as to
mouse behavior, we reasoned that the converse, namely increasing levels of p62 in neural
tissue, might theoretically improve mitochondrial functionality and as a direct response,
abrogate atypical behaviors related to mitochondrial dysfunction. This hypothesis was the
focus of the research described in this paper. Our goal was to examine the involvement of
mitochondrial function in affective spectrum disorders, in learning and memory, and to
explore the role that p62 plays in this context. To investigate these relationships, we
designed a study to explore directed p62 overexpression in the hippocampus of a C57BL/6
mouse and the effects p62 has on mitochondrial function. Central to our question was the
corresponding examination of behavioral outcomes, specifically those related to affective
spectrum disorders, learning and memory. We show that by increasing the levels of p62 in
the hippocampus of OEp62 mice, mitochondrial function is improved and gross behavioral
patterns, especially those related to anxiety and depression, are changed. By using
p62:P392L overexpressing mice, we provide evidence that p62’s ability to bind ubiquitin
through its C-terminal UBA domain plays a role in controlling p62’s ability to affect both
mitochondrial function and behavior in overexpressing mice.

2. Methods

2.1 Animals

Mice overexpressing p62 (OEp62) or a mutated form of the protein (p62:P392L) in the
hippocampus were generated by our laboratory. C57BL/6 mice were used as the surrogate
strain for the development of both OEp62 and P392L overexpressing mice. The Thy-1
vector has been widely used to obtain brain-specific expression of exogenous proteins and
tends to display restricted expression to the hippocampus [25]. We generated two constructs
employing the Thy 1.2 vector and insertion of an EGFP-tagged p62 cDNA (either full length
p62 or mutant P392L p62 construct) by insertion into the Xho1 site of the pTSC21k Thy 1.2
expression vector. The EGFP-p62 construct encompasses the EGFP translation initiation
codon, signal peptide and p62 translation initiation codon, signal peptide, termination codon
and poly-A tail. The full length clone was sequenced to ensure fidelity during PCR and
forward orientation. The construct encodes a 97Kd fusion protein under the influence of the
Thy 1.2 promoter. Founder mice were generated at the Auburn University College of
Veterinary Medicine Transgenics Facility using C57BL/6 as the donor strain and germ line
transmission analyzed by EGFP-p62 expression using sequence specific primers. Donor
mice were supplied by the Transgenics Facility. Once founder mice were identified, they
were crossed back into the WT C57BL/6 strain and offspring characterized for EGFP-p62
expression. Mice positive for construct expression were inter-crossed to establish a strain of
mice overexpressing EGFP-p62 or EGFP-p62:P392L in neural tissues, specifically the
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hippocampus. Mice were caged in standard barrier cages on a ventilated rack in an animal
room with constant temperature (~22+/-1 °C) on a 12 hour light/dark cycle with ad lib food
and water. All experiments, unless otherwise indicated, were performed with age matched (6
month) mice in the early phase of the light cycle under standard room fluorescence. There
was no significant difference in maze performance between sexes of mice, thus experiments
were performed using age-matched subjects only. All procedures were submitted to and
approved by IACUC and were conducted following NIH guidelines. Mice used in each
behavioral testing paradigm were naive and not used for other tests.

2.2 Neuronal Cell Culture

Hippocampal neurons and astrocytes were cultured as described previously [71]. Briefly, the
hippocampus was dissected from day 19 embryonic mice. Hippocampi were combined in
NB Media (Life Technologies, Carlsbad, CA) supplemented with 10% FBS and neuronal
cells triturated. A cell count was performed and cells were plated to poly-lysine:collagen
coated plates and grown for 7 days in culture at 37°C and 5% CO,. On day 7, cells were
stained with 50nM MitoTracker Red (Life Technologies) for 30 minutes followed by
fixation in 4% paraformaldehyde/PBS. Images were generated using a Nikon A1/T1
confocal microscope and Nikon Elements software.

2.3 Western blot and analysis

Cell lysates or isolated mitochondria were subjected to SDS-PAGE in polyacrylamide gels.
Samples were Western blotted with primary antibody (phospho-AMPK/AMPK — Cell
Signaling Technology, Danvers, MA; TFAM, p62 — Abcam, Cambridge, MA; p62HUm _ BD
Biosciences, San Jose, CA; B-actin — Sigma-Aldrich, St. Louis, MO) and HRP-tagged
secondary antibody from GE Healthcare Life Sciences (Pittsburgh, PA) and processed with
ECL detection reagent (GE Healthcare). Following exposure of the labeled membrane to
Hyperfilm-ECL detection film, the Un-Scan-it Gel and Graph Digitizing software (Silk
Scientific, Orem, UT) was used to scan and quantify the signal from the Western blot, and
data were analyzed statistically (Win-SAS, Microsoft, Seattle, WA).

2.4 Mitochondria isolation

Following trypsinization, MEF cells were collected by centrifugation and mitochondria
isolated essentially as described by Wieckowski, et al. 2009 [78]. Briefly, washed cells were
homogenized on ice with a Teflon pestle followed by centrifugation twice at 600x g for 5
min. The post nuclear pellet was collected from the initial spin and further centrifuged at
7000x g for 10 min. The cytosolic fraction was obtained from the supernatant while the
crude mitochondria pellet (C. Mito) was collected in the pellet. The pellet was washed with
MRB Buffer (250mM Mannitol, 5mM HEPES, pH 7.4 and 0.5mM EDTA) before being
layered over a Percol gradient. The gradient was centrifuged at 95,000xg for 30 min with a
dense band containing purified mitochondria localized at the bottom of the tube. This band
was collected and washed with MRB buffer before being suspended in a small volume of
MRB Buffer containing protease inhibitors. Protein concentration was determined by
Bradford assay (Bio-Rad Laboratories, Hercules, CA) and subjected to SDS-PAGE and
Western blot or used in further experiments as mitochondrial lysates.

2.5 ATP Assay

ATP production was measured using the ATP Determination Kit (Life Technologies,
Carlshad, CA). Briefly, MEF cells were detached from tissue culture plates by trypsin
treatment and collected by brief centrifugation followed by PBS wash. Cell pellets were
resuspended in isolation buffer (5SmM HEPES, pH 7.2; 225mM Mannitol, 75mM Sucrose,
1mM EGTA, and protease inhibitors) followed by 5 times syringe using a 23 gauge needle.
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Samples were centrifuged at 1,500xg for 5 min prior to supernatants being used for ATP
assay following the manufacturer’s directions and measured with a luminometer. Each
sample was measured in triplicate. Results are representative of three separate experiments.

2.6 mtDNA copy number determination

Genomic DNA was isolated from brain tissue using the DNeasy Tissue Kit (Qiagen,
Valencia, CA). Following elution with ddH,0O, purified DNA was stored at —80°C. Relative
Quantitative real time PCR was employed to determine mtDNA copy number. mtDNA was
amplified with mtDNA primer: MDF: 5"-CCTATCACCCTTGCCATCAT-3"and MDR: 5’-
GAGGCTGTTGCTTGTGTGAC-3’. Nuclear DNA was amplified by nuclear DNA primer:
NDF: 5"-ACATCTGTTGCTCCGGCTCTCATT-3" and NDR: 5’-
GCAAGCTCAAAGGGCAAGGCTAAA-3’". RT-QPCR was conducted using an ABI 7500
Real Time PCR system (Applied Biosystems, Carlsbad, CA) using Power SYBR Green
PCR Master Mix. Relative mtDNA levels were calculated by the A ACt method as described

[1].

2.7 Behavioral Equipment and Procedures

2.7.1 Open Field Maze—Measurement of locomotor activity and anxiety-related
behavior was performed simultaneously using a multiple unit Open Field Maze consisting of
four activity chambers (San Diego Instruments, CA). Each chamber measured 50cm x 50cm
and a single subject animal was placed in the center of each at the beginning of a 10 minute
test period. Testing was done under low lighting conditions (~30 lux) from incandescent
lamps in set place in the testing room. Mice were recorded on videotape and analysis was
performed using the SMART Video Tracking software (PanLab, Harvard Apparatus). The
field for each maze was divided into sixteen 12.5cm x 12.5cm squares for analysis. The
outer 12 squares were considered the Outer Zone while the inner 4 squares (25%25 cm)
constituted the Inner Zone for analysis. Time spent in the outer area (closest to the walls)
was measured as anxiety-related behavior and compared to time spent in the central area of
the chamber. Total ambulatory distance was also recorded for each mouse to ensure there
were no motor defects between genotypes.

2.7.2 Elevated Plus Maze—An Elevated Plus Maze (Colbourne Instruments, Allentown,
PA) was used to measure anxiety-like behavior. Briefly, the maze consisted of 2 arms (50 x
10cm) open to the environment and 2 arms enclosed by darkened plastic walls (50cm x
10cm x 30cm). The arms are connected by a 10cm x 10cm central platform and elevated
50cm off the floor. Naive mice were tested in low light conditions (~30 lux) from
incandescent lamps set in place in the testing room by placing the mouse into the center of
the maze facing an open arm and recording explorative behavior for a period of 5 minutes
using the SMART software. The number of open and closed arm entries, time spent in both
types of arms, total distance traveled in each arm as well as total distance overall were
analyzed.

2.7.3 Forced Swim Test—Depression-like behavior was analyzed using methods similar
to the Porsalt Forced Swim Test [58]. Mice were placed in the middle of a 1 liter Pyrex
beaker filled with 12cm of water and activity was videotaped for 6 minutes. Water was
warmed to approximately 28°C and water depth prevented the subject from touching the
bottom of the beaker. Water was completely changed between individual subjects. Activities
were defined as either 1) /mmobility — floating either without movement or only small
movements to stay above water; 2) swimming — active movement traveling within quadrants
of the beaker; and finally 3) c/imbing— actively trying to escape, usually by attempting to
climb the walls of the beaker. Behaviors were counted every 5 seconds during the test and
totals were averaged within each genotype.
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2.7.4 Barnes Maze—Spatial learning and memory was tested using a Barnes Maze [4,
27]. Testing occurred in a darkened room with a single bright incandescent light (~2000 lux)
shining down on the surface of the maze platform. A metronome producing 85 decibels was
used to further stimulate the escape response. A video tracking camera was suspended above
the maze while extra-maze cues were positioned at specific places around the maze and
maintained throughout the testing process. An escape hole was designated with an escape
box installed beneath the surface of the maze allowing the subject to escape exposure to the
adverse stimuli with a different escape hole designated for each mouse. Mice were adapted
to the maze during 4 separate 3 minute trials on the first day of testing with a 15 minute
intertrial interval. The mice were placed in a hinged box, released at the center of the maze
and allowed to explore until the escape hole was located and the mouse entered the escape
box. Upon entering the box, the metronome was turned off and the box was closed allowing
the subject to remain hidden for 2 minutes prior to return to the home cage. Prior to the next
subject, the maze was cleaned with a 2% ethanol solution to remove any remaining olfactory
clues. The spatial acquisition phase was conducted over the next 5 days as described for day
1 and latency time was measured until the subject located and entered the escape box to
determine how fast the mouse learned the location of the escape hole. Four trials per day
were performed for each mouse with a 15 minute intertrial interval.

Short term memory was accessed with a probe trial on day 5, approximately 2 hours after
completion of the acquisition phase. The mouse was placed in the maze as described above
with light and metronome as adverse stimuli, however, the escape box was removed from
the maze. Discrete zones were designated for each hole in the maze using SMART Video
Tracking software (PanLab, Harvard Apparatus) and distance traveled throughout the maze
was tracked for a total of 90 seconds. Time spent in the target zone (location of the prior
escape hole) was indicative of how well the mouse remembered the location of the escape
hole over a relatively short time. This same protocol was repeated on Day 12 for analysis of
the subject’s long term ability to remember the location of the escape hole.

2.8 Statistical Methods

3. Results

The overall results for all data were expressed as the mean + S.E.M. Statistical analyses (&
tests) were performed using Excel 2010 (Microsoft, Redmond WA) and SAS 9.2 (SAS
Institute, Cary NC). Corrections for confounded multiple #tests were made using the step-up
Bonferroni adjustment (Hoch option; SAS procedure MULTTEST). The step-up
modification to the Bonferroni has been shown to provide additional power for controlling
the post hoc family-wise error rate [32]. Individual #tests were used throughout because the
study was designed to evaluate specific comparisons between control (WT) and individual
treatment (OEp62 or p62:P392L). Global comparisons among all three genotypes were not
of general interest. Hard boundaries for statistical significance (i.e. p<0.05) were not used
[33, 44]. £values (degrees of freedom), raw p-values and adjusted p-values are reported for
each comparison along with our interpretation for the reader’s consideration. The number of
subjects (N) used in behavior testing varied between a minimum of 5 to a maximum of 28.
Specific numbers of replicates are described below in the Results for each experiment and in
Table 1.

3.1 Generation of OEp62 and p62:P392L overexpression mice

Mice overexpressing p62 specifically in neural tissue were generated as described in
Materials and Methods. Human EGFP-p62 cDNA, either native or containing the P392L
substitution, was inserted in the Thy 1.2 expression vector and founder mice generated.
These founders were backcrossed into the C57BL/6 background and colonies of each

Behav Brain Res. Author manuscript; available in PMC 2014 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Seibenhener et al.

Page 7

genotype established. The Thy 1.2 expression vector directed p62 overexpression
specifically to neural tissue (Fig. 1A). Human specific antibody recognized only the EGFP-
tagged p62 expressed as a 97Kd fusion protein in various sub-regions of the brain. p62
expression was increased mainly in the hippocampal region of the mouse brain, however,
expression was also modest in the brain stem region as well as seen to a lesser extent in the
striatum and cortex. Because expression was highest in the hippocampal region, slices of 6
month adult brains were analyzed under fluorescent microscopy to verify EGFP-62
expression in this region of the brain (Fig. 1B). The expressed fusion protein was
identifiable in the hippocampus of slice cultures when excited at 488nm.

3.2 p62 overexpression increases the functionality of mitochondria in the hippocampus

To examine the effects of elevated p62 levels on mitochondrial functionality, we first looked
at mitochondrial morphology in hippocampal neurons. Neurons were isolated from day 19
embryonic pups and grown for 7 days in culture. Mitochondria were stained with
MitoTracker Red (Life Technologies, Carlshad, CA) and visualized using confocal
microscopy (Fig. 2A). Overexpression of p62 showed an increase in “tubulo-reticular”
structure in OEp62 mice when compared to WT however, mitochondria from neurons
expressing the P392L mutant appeared to be very similar to WT morphology.

As mitochondrial morphology drives mitochondrial function, we next examined aspects of
ATP production in hippocampal tissue from overexpressing mice. AMPK acts as a
metabolic switch for ATP production in the mitochondria [60] with increases in the ratio of
AMP:ATP affecting the activation state of AMPK [74]. As a cellular energy response
element, low levels of ATP positively activate AMPK which then results in downstream
regulation of signaling pathways and cyclic replenishing of cellular ATP levels. Over
expression of p62 caused a decrease in phosphorylated AMPK compared to WT (Fig. 2B).
These results suggest that cellular ATP levels in hippocampal tissue could be higher due to
increased p62 levels enhancing mitochondrial homeostasis. We therefore examined ATP
levels in hippocampal tissues of overexpressing mice and compared them to WT (Fig. 2C).
OEp62 mice showed increased levels of ATP correlating with the decreased expression of
activated AMPK. Interestingly, mutation of P392L in the ubiquitin binding domain
(p62:P392L), yielded ATP levels more consistent with the lower levels seen in WT
suggesting a pathway by which p62 could regulate mitochondrial ATP production
potentially based on its ability to bind to ubiquitin or poly-ubiquitinated substrates.

The mitochondrial transcription factor A (TFAM) has been reported to protect the
mitochondrial genome once imported into mitochondria [30]. TFAM promotes mtDNA
replication/transcription [24] and aids in the repair of oxidatively damaged DNA [39, 81].
As we observed an increase in mitochondrial functionality as measured by ATP production,
we next examined import of this important transcription factor. Mitochondria were isolated
from the hippocampal region of the mouse brain and levels of TFAM associated specifically
with the mitochondria measured by Western blot (Fig. 2D). TFAM expression localized to
the mitochondria was increased in both OEp62 and p62:P392L mice hippocampi when
compared to WT. As post translational modification (maturing) of TFAM occurs following
import into mitochondria [47], increases in mature TFAM protein indicate an increase in
mitochondrial import capability specific to p62 expression levels. mtDNA copy number is
often used as a direct correlation of mitochondrial TFAM levels [24, 38, 39] and as a
measure of functional mitochondrial energetics [66]. Thus, we measured total mitochondrial
DNA present in the hippocampus of our overexpressing mice. Levels of mtDNA were
essentially consistent with WT (Fig. 2E).
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3.3 p62 overexpression changes behavior patterns related to affective spectrum disorders

Recent studies have suggested that Bcl-2 protein imbedded in the inner mitochondrial
membrane is a major modulator of mitochondrial function [54] and that overexpression of
the Bcl-2 gene reduces anxiety-like behaviors in a mouse model [67]. Mitochondrial
function has been related to anxiety disorders caused by the deletion of Bcl-2 [18]. Genetic
inactivation of p62 in mice leads to increases in anxiogenic behavior [64] accompanied by
mitochondrial dysfunction [70]. Because we demonstrate here that increased expression of
p62 results in increased mitochondrial functionality, we sought to examine behaviors in p62
overexpressing mice related to affective spectrum disorders. We hypothesized that increased
mitochondrial function could in fact provide relief in anxiety related behaviors. Results and
statistical analysis from behavior testing are summarized in Table 1.

3.3.1 Mice overexpressing p62 show no change in locomotor activity in the
Open Field Maze—OEp62 (N=12) and p62:P392L (N=28) mice were observed in an
Open Field Maze for any difference gene expression levels would have on general
locomotor activity (Fig. 3A). Distances traveled in the maze during 10 minute trials were
essentially the same for overexpressing mice when compared to WT (N=24). However, p62
overexpressing mice spent significantly more time exploring the center of the open field
(Fig. 3B), a measure reflecting decreased thigmotaxis and anxiety related behavior [73].

3.3.2 Mice overexpressing p62 have variable differences in measured anxiety
in the Elevated Plus Maze—An Elevated Plus Maze was used to measure anxiogenic
behavior in overexpressing mice. OEp62 mice (N=12) showed a decrease in anxiety-related
behavior by spending more time on the open arms of the Elevated Plus Maze than
comparable WT mice (N=20). Conversely, p62:P392L mice (N=6) showed a significant
increase in anxiogenic behavior (Fig. 3C) raising the possibility of ubiquitin binding by p62
playing a role in both mitochondria functionality (Fig. 2) and behavioral pattern
modification.

3.3.3 Mice overexpressing p62 show different behavior patterns in the Forced
Swim Test—A modified Forced Swim Test was used to access depression in
overexpressing mice compared to WT [11]. Immobility time of OEp62 (N=11) and
p62:P392L (N=6) mice did not measurably differ from that of WT (N=15) (Fig. 3D).
However, other behavioral traits did show variation during the testing period. Specifically,
there were significant differences in swimming and climbing behaviors between WT and
overexpressing mice (Fig. 3E). WT mice exhibited climbing behavior greater that what was
seen in the overexpressing genotypes while conversely, overexpressing mice spent much
more time in swimming behavior when compared to WT.

3.4 p62 overexpression effects on spatial learning and memory tasks in mice

Spatial learning in p62 overexpressing mice was measured using a Barnes Maze. While all
three genotypes exhibited equal search times for the hidden escape box in Day 3 of the
acquisition, both OEp62 and p62:P392L mice continued to show slight improvement in
latency to escape compared to WT during Days 4 and 5 of the acquisition phase. At the end
of the 5 day acquisition phase for the maze, both genotypes of p62 overexpressing mice
(OEp62, N=5; p62:P392L, N=9) performed better in latency measurements than did WT
mice (N=8; Fig. 4A).

To measure effects of p62 overexpression on memory, both short and long term probe trials
were undertaken using the Barnes Maze after the acquisition phase. Short term memory was
assessed two hours after the final acquisition measurements were taken and showed no
significant differences in short term memory between genotypes (Fig. 4B). Long term
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memory measurements were undertaken six days after the last acquisition measure. At this
time, OEp62 mice showed significantly greater ability to remember escape box locations
compared to both WT and p62:P392L (Fig. 4B).

4. Discussion

Mitochondrial dysfunction has recently been associated with the pathophysiology of
affective spectrum and anxiety disorders [20]. Patients exhibiting major depression display
significantly decreased mitochondrial function [21] while treatment with anxiolytic as well
as anti-depressant drugs has been shown to improve mitochondrial respiration thus
increasing anti-oxidant activity [75]. Mitochondrial dysfunction can be caused by numerous
deficiencies related to the electron transport chain and thus to energy production. We have
previously shown that shutdown of the SQSTM1/p62 gene can result in decreases in
mitochondrial energy production [70], as well as increased oxidative damage to
mitochondrial DNA [15, 16]. Other key modulators of mitochondrial function include
regulation of intracellular Ca*2 levels by Bcl-2 [59] and abrogation of electron transfer
along the respiration chain by coenzyme Q10 (CoQ10) deficiency [51]. Overexpression of
either of these proteins results in improved mitochondrial function [59, 68], an observation
we have also seen with p62 overexpression in mouse embryonic fibroblasts [70].

Neurodegeneration refers to progressive death and loss of neurons in the brain. The most
common form of cell death in neurodegeneration is through apoptotic pathways related to
mitochondria [20]. Specifically, increases in reactive oxygen species (ROS), changes in
mitochondrial fusion and fission rates, Ca*2 homeostasis, and mitochondrial membrane
permeability all lead to mitochondrial disease and dysfunction [70]. In this study, by
increasing the levels of p62 expressed in brain tissue, we have shown improvement in
mitochondrial functionality. Morphologically, hippocampal mitochondria showed increased
fusion resulting in increases in ATP production and mitochondrial import of the major
mitochondrial transcription factor A (TFAM). TFAM is known to have a role in replication
of mitochondrial DNA, and also in its maintenance [40]. Furthermore, overexpression of
TFAM results in decreased ROS production as well as increased mitochondrial ATP
production and function [29]. With increased TFAM presence in hippocampal mitochondria
of OEp62 mice, an increase in mtDNA could also be expected. However, p62 also exhibits a
scaffolding function for the delivery of mitochondria in the cell for disposal by mitophagy
[23, 31]. Increased p62 levels would not only increase the amount of mtDNA present, but
would also improve mitophagy thus playing a two stage role in regulating mtDNA levels.
Increased TFAM presence in mitochondria also ameliorates age dependent impairment of
cognitive functions in the brain [29]. It should also be noted that while increases in p62
resulted in increased mitochondrial functionality, the role of ubiquitin binding also appears
to play a major role in ATP production. Given p62’s transmembrane presence in the
mitochondria [50], it is possible that the C-terminal UBA domain of p62 is required for
electron transport chain functionality on the inner mitochondrial membrane. Regardless, one
can surmise that increases in mitochondrial functionality in the mouse brain appear to
ameliorate neurodegeneration resulting in an associated change in learning, memory and
long term potentiation.

In the present study, we observe an overall improvement in the affective spectrum disorder
behavior patterns in mice exhibiting increased mitochondria functionality. This study also
suggests a role for functional mitochondria in the learning and long term memory patterns of
these mice. p62 overexpressing mice displayed no gross physiological changes when
compared to age matched WT nor was any inhibition of locomotor ability observed between
genotypes. Thus, measurements related to distance and latency in the maze could be used to
compare behaviors of the mice. Two separate methods for anxiety measurement were used

Behav Brain Res. Author manuscript; available in PMC 2014 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Seibenhener et al.

Page 10

in this study. Movement of mice in the open field away from the walls is an indication of
increased exploratory behavior and a decrease in thigmotaxis in mice [73]. The Elevated
Plus Maze is the standard measure of anxiety-like behavior in rodents [8, 46]. The anxiety
measures used here were of the exploratory nature and related to a mouse’s desire to
examine new environments. A reduction in anxiety-like behavior was observed in the
overexpressing mice when compared to WT. Interestingly, mice lacking ubiquitin binding
ability of p62 displayed a decrease in anxiogenic behavior when tested on the Elevated Plus
Maze. Decreased anxiety has been previously seen in mice overexpressing the ubiquitin
ligase KF-1 resulting in ubiquitination and degradation of target proteins in dopaminergic
neurons [28]. Conversely, increased anxiety-like behavior has been recorded where
decreases in ubiquitin ligase activity of Parkin [37] and RNF41 [43] have been observed.
p62 has a scaffolding function of binding to K63-ubiquitinated proteins and targeting those
proteins to the proteasome for degradation [69]. The inability of p62 to associate with K63-
tagged cargoes would result in an increase in aggregated proteins in the cell. How this lack
scaffolding function affects anxiety-like behaviors requires further study but should not be
overlooked.

A relationship between depression and mitochondrial dysfunction has been examined in a
number of studies. Mutations in mitochondrial proteins have been found in the pre-frontal
and frontal cortices of post-mortem samples obtained from patients diagnosed with major
depression [41] while levels of electron transport chain activity were found to be decreased
below control levels in a major depressive disorder study [3]. While p62 overexpressing
mice showed no difference from WT in immobility time in the Forced Swim Test, which
measures despair/depression, when specific behaviors were distinguished in the test, a
notable difference was seen between overexpressing mice and their WT counterparts. WT
mice exhibited specific climbing or thrashing behavior characterized by upward directed
movements with the front paws on the side of the swim chamber. Studies have revealed that
catecholaminergic agents decrease immobility in the swim chamber with a corresponding
increase in climbing behavior [52]. Conversely, p62 overexpressing mice exhibited
significantly increased swimming behavior over controls, a behavior associated with
increases in 5-HT-related compounds [11]. Several 5-HT receptors have been suggested to
play a role in mediating antidepressant behavior [53]. Furthermore, antidepressant treatment
not only mediates the effects of 5-HT-related compounds on behavior [11, 12], but also
affects electron transport and ATPase activity in the mitochondria [13].

Serotonergic pathways are known to play a major role in despair and depression. Multiple 5-
HT receptors have been implicated in mechanisms underlying learning and memory [79].
However, the role of 5-HT receptors in learning and memory is complex. Some studies have
reported improvement in cognition and memory formation [56] while others have reported
limited involvement of chronic 5-HT depletion in spatial learning and memory [63]. We
found in this study, that p62 overexpression improved spatial learning in the Barnes Maze
while also increased the ability of the mice to retain long term memory. Activation of 5-
HT1A by its agonist 8-OH-DPAT has been shown to significantly enhance learning
acquisition and memory formation as well [26]. Cognitive impairments are coincident with
loss of long term potentiation in p62~/~ mice [64]. Furthermore, we have previously
demonstrated that p62 is an AMPA receptor interacting protein and this interaction, along
with aPKC, results in delivery of the GIuR1 subunit to neuronal surfaces in the hippocampus
mediating synaptic plasticity and long term potentiation [36]. Our results are further
suggestive of p62 involvement in the mediation of 5-HT cognitive functions in the
hippocampus. This new evidence for a role for p62 in abrogating behavioral responses
associated with depression-related behaviors may provide a new target for development of
antidepressant drugs or drugs effective in other 5-HT mediated disorders.
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In conclusion, our study demonstrated that SQSTM1/p62 plays a role in mitochondrial
functionality and provides a link to affective spectrum disorders such as anxiety and
depression, as well as affecting cognitive learning and memory. It is possible that changes in
behavior patterns can be related to p62 function outside of the mitochondria as it is
ubiquitously expressed and plays a myriad of different roles in the cell [6, 22, 80]. However,
p62 clearly plays a crucial role in maintaining mitochondrial homeostasis [70] and as we
show here, overexpression improves functionality of the mitochondria. Given the increasing
scientific support for a relationship between mitochondria and affective disorders [21, 55,
57], p62 would seem to be a novel target for potential drug discovery to treat anxiety and
affective disorders.
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Fig. 1.

Demonstration that EFGP tagged proteins were effectively expressed in mouse brain. A)
Overexpressed EGFP-p62 protein was mainly localized to the hippocampus in transgenic
mice. Mouse brain from either OEp62 or p62:P392L expressing mice were dissected into
regions as indicated (HYPO=hypothalamus; CRBLM=cerebellum; BRST=brain stem;
HC=hippocampus; STRIA=striatum; CTX=cortex) and Western blotted with p62Hum
antibody to detect human specific overexpressing p62 protein. p-actin levels were used as
control to indicate loading. B) Sagittal plane slices (200.m) were made through the
hippocampal region of mouse brains from OEp62 and p62:P392L mice and examined under
a fluorescent microscope at 488nm to show localization of EGFP tagged proteins in the
hippocampal region. Bright field images are provided for structural reference. CA1, CA3
and DG regions in the hippocampus are labeled for orientation. Scale bar = 300pm.
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Fig. 2.

p62 overexpression increases the functionality of mitochondria in the hippocampus. A)
Mitochondrial morphology was altered in OEp62 mice compared to WT and p62:P392L.
Primary neuronal cells were cultured from dissected embryonic Day 19 hippocampus. At
culture day 7, mitochondria were visualized by staining with MitoTracker Red and
examined using a confocal microscope. B) Activated AMPK levels were decreased in p62
overexpressing tissue. Hippocampal lysates from WT, OEp62 and p62:P392L mice were
separated on SDS-PAGE and phospho-AMPK levels compared to total AMPK examined by
Western blot. C) Overexpression of p62 results in increased ATP production. Total ATP
levels in hippocampal lysates were measured by luciferase assay and compared to WT. D)
Mitochondrial import was increased with p62 overexpression. Mitochondria were isolated
from hippocampal lysates and import of TFAM examined by SDS-PAGE and Western blot.
Presence of overexpressed protein was confirmed with p62Hu™ antibody and compared to
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native protein. E) p62 overexpression did not show increased mtDNA levels. Total
mitochondrial DNA copy number was quantitated by RT-PCR.
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Fig. 3.

p62 overexpression influences affective disorder behavior patterns. A) Behavior in the Open
Field Maze: there was no significant difference in distance traveled in the maze between
genotypes. B) Open field behavior analyzed by zone: p62 overexpression resulted in
increased maze exploration toward to the center and away from the walls by genotypes. C)
Anxiety measure in the Elevated Plus Maze: overexpression of p62 substantially reduced the
time spent in open arms of the maze, however, expression of P392L protein increased time
spent on open arms. D) Depression measure in the Forced Swim Test: no difference in
behavior was indicated when using immaobility time as a measure. E) Mean behavior
exhibited during the Forced Swim Test: overexpression of p62 changed the overall behavior
patterns resulting in increased swimming activity and decrease climbing compared to WT.
Refer to Table 1 for analysis of statistics.
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p62 overexpression affects spatial learning and memory tasks. A) Latency times to complete
the Barnes Maze: overexpression of p62 improved latency times compared to WT on last
day of Acquisition period. B) Probe Trials in the Barnes Maze (1=Probe Trial 2 hours post
Day 5 acquisition; 2=Probe Trial 6 days post Day 5 acquisition): no significant differences
in short term memory measure during Probe Trial 1 were observed between genotypes,
however overexpression of p62 improved long term memory in Probe Trial 2 compared to
WT and p62:P392L. Refer to Table 1 for analysis of statistics.
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