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Sequestosome 1/p62 was cloned as the interacting partner
of the atypical protein kinase C i/k (aPKCs; Sanchez et al.
1998) and has been shown to contain several motifs that
enable the protein to serve as a signaling scaffold and as a
polyubiquitin binding receptor (Moscat et al. 2007).
Recently, we reported that ubiquitinated tau interacts with
p62 (Babu et al. 2005). Abnormal phosphorylation of tau
is known to promote conformational changes leading to
reduced binding to microtubules (Alonso et al. 1994). One
hallmark of Alzheimer’s disease (AD) is the presence of
neurofibrillary tangles (NFTs) containing accumulated
hyperphosphorylated polyubiquitinated microtubule associ-
ated protein, tau. In brain of individuals with AD, the
signaling adapter p62 and the aPKC i/k (Shao et al. 2006)
co-localize in neurons with hyperphosphorylated tau that
exhibit NFT pathology (Kuusisto et al. 2002). Hyper-
phosphorylation of tau is one major factor that is believed

to drive its aggregation and misfolding (Alonso et al.
1994).

The phenotype of mice deficient in the p62 gene is
complex reflecting the different critical roles of this protein
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Abstract

The signaling adapter p62 plays a coordinating role in medi-

ating phosphorylation and ubiquitin-dependent trafficking of

interacting proteins. However, there is little known about the

physiologic role of this protein in brain. Here, we report age-

dependent constitutive activation of glycogen synthase kinase

3b, protein kinase B, mitogen-activated protein kinase, and

c-Jun-N-terminal kinase in adult p62)/) mice resulting in

hyperphosphorylated tau, neurofibrillary tangles, and

neurodegeneration. Biochemical fractionation of p62)/) brain

led to recovery of aggregated K63-ubiquitinated tau. Loss of

p62 was manifested by increased anxiety, depression, loss of

working memory, and reduced serum brain-derived neuro-

trophic factor levels. Our findings reveal a novel role for p62 as

a chaperone that regulates tau solubility thereby preventing

tau aggregation. This study provides a clear demonstration of

an Alzheimer-like phenotype in a mouse model in the absence

of expression of human genes carrying mutations in amyloid-

beta protein precursor, presenilin, or tau. Thus, these findings

provide new insight into manifestation of sporadic Alzheimer

disease and the impact of obesity.
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in normal physiology (Duran et al. 2004; Rodriguez et al.
2006). One component of the phenotype is the development
of mature-onset obesity, leptin resistance, as well as
impaired glucose tolerance and insulin resistance. In brain,
we have recently reported that absence of p62 results in the
abnormal hyperaccumulation of aggregated insoluble K63-
polyubiquitin chains (Wooten et al. 2008). Furthermore,
p62 modulates the activity of both the K63-chain specific
ubiquitin ligase, tumor necrosis factor receptor-associated
factor 6 (TRAF6), and the K63-chain specific deubiquiti-
nating enzyme, cylindromatosis tumor suppressor (CYLD)
(Wooten et al. 2008), and has been well-studied for its
ability to serve as a scaffold for neurofilament-kappa B
activation (Moscat et al. 2007). In AD brain, we have
shown that TRAF6 and p62 co-localize with tau, and the
K63-ubiquitination of tau regulates its solubility as well as
tau’s ability to interact with tubulin and p62 (Babu et al.
2005). Thus, we postulate that alterations in p62 expression
might contribute to the pathogenecity of tau by impacting
its aggregation.

Most individuals who display insulin resistance, hyperin-
sulinemia, and Type 2 diabetes mellitus (T2DM) are at risk
for developing AD (Craft 2005). There is increased interest
in the potential role of neuroendocrine system in develop-
ment of AD that has been fueled by reports demonstrating
the alterations in insulin signaling (Schubert et al. 2003),
insulin receptor (Schubert et al. 2004), peripheral hyperin-
sulinemia (Freude et al. 2005), insulin receptor substrate 2
(Lin et al. 2004), and streptozotocin-induced insulin defi-
ciency (Clodfelder-Miller et al. 2006); all induce abnormal
tau phosphorylation and NFTs. Indeed, AD has been
referred to as Type 3 Diabetes (Steen et al. 2005). As p62
deficiency leads to mature-onset obesity (Rodriguez et al.
2006) and there is a recognized correlation between obesity,
T2DM, aging, and cognitive impairment (Craft 2005), we
hypothesize that the p62-deficient mice constitute an
invaluable model to analyze the relations between tau
modification and neurodegeneration in the context of aging
and obesity.

To begin analyzing these critical questions at an
organismic level and to determine the impact that p62
deficiency has on brain function in vivo, we have
performed a comprehensive characterization. These studies
have been carried out in mature overtly obese p62)/)

(6-month-old mice) as well as in young non-obese
(2 months old) mice and in the heterozygous p62+/) mice
which do not develop obesity even at old age. This
strategy allowed us to identify alterations produced by
p62-deficiency that are intrinsic to the lack or diminished
expression of p62 from those likely as a result of
consequence of obesity. Our findings reveal a specific
role for p62 in the control of synergistic pathways that
manifest in anxiety, depression, and loss of working
memory that preceded tau pathogenecity.

Materials and methods

Generation of p62)/) mice
Knock out mice (p62)/)) were generated as described previously

(Duran et al. 2004). For the duration of the study all mice were

housed in a pathogen-free barrier environment. The animals were

handled according to the NIH and Auburn University IACUC

guidelines. Both wild-type (WT) and p62)/) mice were quickly

killed by cervical dislocation and the brain quickly removed. In

addition, the mice were maintained at 25�C to avoid any cold-stress

which is known to cause tau hyperphosphorylation (Planel et al.
2007).

Fractionation of brain and western blotting
Extraction of brain to generate formic acid insoluble fractions was

conducted as described (Dou et al. 2003). Protein concentrations

were determined using the DC protein assay (Bio-Rad, Hercules, CA,

USA). Western blots were probed with rabbit anti-tau purchased from

DAKO (Carpinteria, CA, USA), mouse anti-CP13 (Dr. Peter Davies,

Albert Einstein College of Medicine, Bronx, NY, USA) or mouse

anti-ubiquitin (Santa Cruz, Santa Cruz, CA, USA). Glycogen

synthase kinase (GSK3) a/b (Ser 21/9), AKT, mitogen-activated

protein kinase (MAPK), p70/S6K, and c-Jun-N-terminal kinase

(JNK) activities were examined employing antibodies to both the

phosphorylated (P) and non-phosphorylated forms (Cell Signaling

Technology Inc., Beverly, MA, USA). PKC-i activity was measured

by immune-complex kinase assay with myelin basic protein as

substrate (Mamidipudi et al. 2004). Nonidet P-40 (Calbiochem Inc.,

Gibbstown, NJ, USA) soluble and insoluble fractions were isolated

as described (Babu et al. 2005). The association of tau with

microtubules was as described (Dou et al. 2003; Babu et al. 2005).

Immunohistochemistry and electron microscopy
The brains and spinal cords were dissected and drop-fixed in 4%

paraformaldehyde in 0.1 M phosphate buffer pH 7.4. Each brain was

processed, embedded in paraffin, and 5 lm sections were cut for all

the immunohistochemical staining. Parallel sections from three mice

each were stained with Gallyas silver stain (Ikeda et al. 2005),

antibodies to tau (DAKO) and phosphorylated tau CP13 (Ser202).

For tau and CP13 staining, we used the Histostain-DS kit (Zymed

Laboratories, San Francisco, CA, USA). Sections were stained with

hematoxylin (GH5116, Sigma) and eosin (E4382, Sigma). For

immunofluorescence staining, the mice were perfused and brains

processed for cryosections as described (Gotz et al. 2001). Mouse

anti-ubiquitin (Santa Cruz, CA, USA) and CP13 were used for

staining. Thioflavine-S staining of sections were conducted as

described (Gotz et al. 2001). Stained sections and cells were analyzed
on a Bio-Rad MRC 1024 Laser Scanning Confocal Microscope. For

immuno-electron microscopy, p62)/) mouse brain was sarcosyl-

extracted and the phosphate-buffered saline-washed pellet was

resuspended and applied to carbon-coated 400 mesh Electron

Microscopy grids and processed as described for immunostaining

(Gotz et al. 2001). The grids were observed with a Philips 301

Transmission Electron Microscope (FEI Co., Hillsboro, OR, USA).

Polyubiquitin chain analysis
For mass spectrometry analysis, the formic acid (FA) fraction from

WT and p62)/) brain was solubilized in ristocetin-induced platelet
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agglutination buffer and neutralized with Tris–HCl, pH 8.0.

Duplicate samples of total tau were immunopurified and resolved

by sodium dodecyl sulfate–polyacrylamide gel electrophoresis

(SDS–PAGE) and all seven ubiquitin linkages were quantified

simultaneously in the same run as described (Wooten et al. 2008).

Cell culture and transfection
Gail Johnson (University of Rochester, Rochester, NY, USA)

provided tau constructs and James Chen (UT Southwestern, Dallas,

TX, USA) provided K63 ubiquitin used in this study. Culturing of

human embryonic kidney 293 cells and transfection was carried out

by employing Ca2+-phosphate method using the Specialty Reagents

(Chemicon Intl., Billerica, MA, USA).

Plasma assays
The Emax Immunoassay System (Promega, Madison, WI, USA)

was employed to detect nerve growth factor (NGF) and brain-

derived neurotrophic factor (BDNF; Egan et al. 2003). Corticoste-
rone levels were determined using a commercial radioimmunoassay

kit from MP Biochemicals (ImmunoChem Double Antibody, 125I

Corticosterone; Orangeburg, NY, USA).

Behavior testing
Spatial and non-spatial learning, a hippocampus-dependent function

was measured in the Morris water maze and radial arm maze (Liu

et al. 2003) (San Diego Instruments, San Diego, CA, USA). The

SMART (version 2.0.15) computerized animal tracking system

(PanLab Inc., Barcelona, Spain) was used to record path length,

latency, and swim speed of each mouse during the testing periods.

A radial arm maze was employed to assess spatial learning and

memory (Vigouroux et al. 2003). Measurements of locomotor

activity were noted and anxiety-related behavior (defecation and

urination) was assessed simultaneously using a multiple unit open-

field maze (San Diego Instruments) and elevated plus maze

(Colbourne Instruments, Allentown, PA, USA) was used to measure

anxiety-like behavior. The number of open- and closed-arm entries,

time spent in both types of arms, total distance traveled in each arm,

and total distance traveled were measured. Anxiety-like behavior is

gauged as a function of unwillingness to venture into and spend time

in the open arm of the maze. Working/short-term memory, a

hippocampal-dependent function was measured employing a non-

matching-to-place-T-maze assay and is expressed as percent of

correct non-match-to-place choices made during each block (Chan

et al. 2006). Depression-like behavior was analyzed using the

Forced Swim Test (Monteggia et al. 2007). Motor coordination was

assessed using the ‘coat-hanger’ test (Dubois et al. 2005). For all
testing, the experimenter was blind with respect to genotype for all

tests.

Results

Alteration of signaling kinases in p62)/) mouse brain
To begin analyzing the effect that chronic inactivation of p62
might have in brain pathophysiology, we initially examined
the impact that the lack of p62 on various signaling kinases
was known to promote tau pathologic phosphorylation
employing mature mice, aged 6 months. The activity of

PKC-i/k, the major aPKC isoform in brain (Oster et al.
2004) was significantly reduced in p62)/) when compared
with WT brain (Fig. 1). GSK3b is phosphorylated by PKC
on S9 which serves to inactivate GSK3b (Goode et al. 1992).
The phosphorylation of GSK3b was absent in brain taken
from 6-month-old-p62)/) mice (Fig. 1) hence, the activity of
GSK3b was elevated. Expression of p62 has also been linked
to activity of AKT (Joung et al. 2005) and MAPK (Rodri-
guez et al. 2006). Likewise both of these kinases were
hyperactivated in the absence of p62. The S6 kinase was also
examined and no change in its activity was observed (Fig. 1).
The phosphorylation of the stress kinase JNK was also
elevated in p62)/) brain compared with WT (Fig. 1).
Changes in any of the kinases were not observed at 2 months
of age, revealing a concordance with the chronic loss of p62
and possibly the fact that at 6 months of age the p62)/) mice
are overtly obese. These results reveal that the chronic
absence of p62 promotes a gross alteration in the signaling
capacity of various pathways.

Absence of p62 results in tau-hyperphosphorylation
As p62 has been implicated in the ubiquitin-dependent
turnover of tau (Babu et al. 2005), we conducted immuno-
cytochemistry on brain sections stained with antibodies to
tau, CP13, paired helical filament (PHF1), or MC1 (Fig. 2a).
These antibodies are well recognized for study of various
pathogenic forms of tau: including CP13 (S202) and PHF1
(S396/S404), as well as with anti-MC1 which recognizes an
altered tau conformation, ALZ50 (Andorfer et al. 2003).
When matched WT and p62)/) brain sections from 6-month-
old mice were processed and developed side-by-side at the
same time, abnormally phosphorylated tau in both the
hippocampus and cortex was rapidly detected in p62)/)

mouse brain, while absent from WT brain (Fig. 2a). MC1
staining confirmed that phosphorylation was accompanied by
pathologic conformation in mouse tau. Sequential extraction
of brain lysates (Dou et al. 2003) revealed significant
accumulation of hyperphosphorylated and conformationally
altered tau in the insoluble FA fraction (Fig. 2a, right panel).
To examine the potential impact of mature-onset obesity
triggered by the lack of p62 on tau phosphorylation, brain
samples were examined at 2, 6, and 12 months of age.
Increases in tau phosphorylation and in GSK3b activity were
detected in the brains of 6 and 12-month-old p62-deficent
mice (Fig. 2b), but not the 2-month-old mice, indicating that
the manifestation of these signaling alterations in brain
require the chronic absence of p62.

Somatodendritic immunostaining of hyperphosphorylated
tau could be indicative of aggregated forms of tau.
Thioflavine-S is a known marker for insoluble protein
aggregates with b-pleated sheets (Gotz et al. 2001).
Hyperphosphorylated tau co-localized with Thioflavine-S
in the somatodendritic compartment of cortical neurons of
6-month-old-p62)/) mice, while in WT mouse brain sections,
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no co-localized staining was observed (Fig. 2c). To further
characterize the pre-tangle-like appearance of the neurons,
brain sections from 6-month-old-WT and -p62)/) mice were

stained with Gallyas silver staining which detects PHFs
(Fig. 2d). Sections from WT mice failed to display any
silver-stained neurons. However, an increase in tangle-like

Fig. 1 Absence of p62 results in alterations in various signaling

kinases. Activity of atypical protein kinase C-iota (aPKCi) was

measured in brain homogenates (750 lg) obtained from 6-month-old

male (M) and female (F) mice by immune-complex kinase assay.

aPKCi activity was significantly reduced in p62)/) compared with

wild-type (WT; **p < 0.05). Brain lysates (50 lg) from WT and p62)/)

mice were examined for changes in glycogen synthase kinase 3,

AKT, mitogen-activated protein kinase, p70/S6K, and c-Jun-N-ter-

minal kinase. Both the phosphorylated (P) and non-phosphorylated

forms were analyzed along with actin as a control. The assay was

repeated three times separately with different brain samples

(mean ± SEM).

Fig. 2 Accumulation of phosphorylated tau in p62)/) mice. (a) Paraffin

sections (5 lm) from p62)/) and wild-type (WT) brains were immuno-

histostained with antibody specific for tau and various phosphorylated

forms CP13 (Ser202), paired helical filament 1(PHF1; S396/S404), and

MC1 (ALZ50) and observed at 2.5·, 10·, 40·, and 63·. Formic acid

fractions (50 lg) from 6-month-old-WT and -p62)/) mice were western-

blotted with the same antibodies (right). (b) Brain lysates (50 lg) from

2, 6, and 12-month-old WT and p62)/) mice were analyzed by western

blotting with antibodies to phosphorylated tau, CP13, phosphor-

glycogen synthase kinase 3 (GSK3b)-S9, and non-phospho-GSK3b

antibody. (c) Cryosections from 6-month-old brain were stained with

antibody to phospho-tau (CP13) followed by Thioflavine-S staining and

analyzed by confocal microscopy (63·). (d) Gallyas silver staining of

hippocampus and cortex of 6-month-old-p62)/) paraffin-sectioned

brain. The average number of silver positive neurons/mm2 in hippo-

campus and cortex as well as representative morphology of the

neurons (63·) is shown. (e) Sarcosyl insoluble aggregates from 6-

month-old-p62)/) mice were examined by immuno-transmission elec-

tron microscopy with antibody to PHF [left panel (2800·), right panel

(12000·)]. No reactivity was observed in the absence of primary anti-

body (not shown). (f) Sarcosyl insoluble material (50 lg) isolated from

WT and p62)/) brain was examined by western blotting with tau anti-

body. (g) Ristocetin-induced platelet agglutination lysates (50 lg) from

WT and p62)/) brain were analyzed by western blotting with antibodies

to synaptophysin and actin. Matched sections were processed for

synapthophysin immunohistochemistry. Ten random areas were

selected on four separate sections and the relative expression of syn-

aptophysin was averaged and reported as mean ± SEM (**p < 0.05).
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neurons that stained with silver was noted in both hippo-
campal and cortical sections of the p62)/) mice. To further
examine if these tangle-like neurons possessed PHFs,
sarcosyl-insoluble extracts were isolated and analyzed by
immunotransmission electron microscopy (Fig. 2e) (Gotz

et al. 2001; Ikeda et al. 2005). While the sarcosyl-insoluble
material isolated from p62)/) brain was positive for the PHF
antibody, the aggregates possessed an amorphous morphol-
ogy and did not possess classical paired helical appearance
(Gotz et al. 2001; Andorfer et al. 2003). No aggregates were

(a)

(b) (c)
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recovered from WT brain. The PHF immunopositive aggre-
gates from p62)/) brain resemble those reported by
Bucciantini et al. (2002), which represent a highly toxic
pre-tangle form that occurs in the initial steps of neuro-
fibrillary degeneration. Separation of the sarcosyl-insoluble
protein by electrophoresis and western blotting with tau
antibody confirmed the absence of aggregated tau in WT
brain and accumulation in p62)/) brain (Fig. 2f). Because
loss of synapses is one of the earliest changes exhibited by
AD brain, we examined if synapses were influenced by the
accumulation of tau (Fig. 2g). The expression of synapto-
physin, a constituent of synaptic vesicles was examined by
western blotting of ristocetin-induced platelet agglutination

lysates. In parallel, matched sections from WT and p62)/)

brain were likewise stained. There was a significant reduction
in synaptophysin expression in p62)/) brain compared with
WT (Fig. 2g). However, the loss of synapses did not occur
until 6 months of age.

As aggregates may alter the activity of the proteasome
(Bennett et al. 2005), changes in the proteolytic capacity of
the proteasome was measured by examining trypsin,
chymotrypsin, and peptidyl glutamyl-peptide hydrolyzing
activity in brain lysates from 2-, 6-, and 12-month-old-WT
and -p62)/) mice. No significant differences in the activity of
any proteolytic enzymes at any age were observed (data not
shown). Last, the possible accumulation of amyloid beta

(d) (g)

(e)

(f)

Fig. 2 Continued
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(Ab) 40/42 was also examined by histochemical staining and
detergent extraction of hippocampus with 4G8 antibody. We
observed appearance of 4G8 immuno-positive neurons in
6-month-old-p62)/) brain. However, further biochemical
characterization of the type of Ab species did not yield any
positive results by ELISA assay or western blot analysis
(data not shown). It has been reported that rodents produce
an N-terminal truncated Ab 11-40/42 (Tekirian 2001).
Therefore, additional studies with specific antibodies, when
available, will be required to clearly identify the presence of
an Ab species in our mice.

Absence of p62 leads to accumulation of aggregated
K63-ubiquitinated tau
Under normal conditions, tau is a highly soluble protein that
becomes insoluble by conformational changes and patho-
logic phosphorylation (Alonso et al. 1994). A sequential
extraction method was employed to measure tau aggregation
(Dou et al. 2003) and ubiquitination. When lysates from
brain of 6-month-old-WT and -p62)/) brain were extracted in
this manner, a shift in the solubility of tau and indication of
its aggregation from the soluble to the highly insoluble FA
fraction was observed in p62)/) brain compared with WT
mice (Fig. 3a). Furthermore, tau was extensively polyubiq-
uitinated. Immunoprecipitation of tau from the insoluble
fraction of WT and p62)/) brain (Babu et al. 2005) revealed
decreased interaction of tau with tubulin in samples recov-
ered from p62)/) brain (Fig. 3b). Moreover, hyperphosph-
orylated tau co-localized with ubiquitin in neurons of p62)/)

brain, but not WT (Fig. 3c). Tau immunoprecipitated from
the FA fraction was further subjected to quantitative mass
spectrometry to examine the chain-specific ubiquitin linkage
(Fig. 3d). This analysis confirmed the increase in tau-
ubiquitination and also revealed that tau recovered from the
FA fraction of p62)/) brain was primarily composed of K63-
linked ubiquitin chains.

To determine whether phosphorylation or ubiquitination
leads to tau accumulation, we set out to recapitulate the
conditions in the brain of the knock-out mice employing a
transfection approach. Human embryonic kidney cells were
co-transfected with tau, K63-ubiquitin (Ub), and myc-p62.
Endogenous p62 levels were depleted by expression of full
length antisense p62 (Seibenhener et al. 2004). Soluble and
insoluble fractions were separated (Babu et al. 2005) and tau
was immunoprecipitated (Fig. 3e). Reduction of p62 levels
lead to hyperphosphorylation of tau and accumulation of the
ubiquitinated form in the insoluble fraction (Fig. 3e). These
findings parallel the observations in vivo.

In all transgenic models expressing human tau that have
been described, development of motor impairment and
spinal pathology occurs as the animals age (Ikeda et al.
2005). Therefore, spinal cords from 6-month-old-WT and
-p62)/) mice were dissected for histologic and immunohis-
tochemical analyses. No staining for phospho-tau, CP13

was observed nor were there any intracellular inclusions
containing ubiquitin (Fig. S1a). Staining for glial fibrillary
acidic protein and neurofilament-M were normal and no
morphologic changes were observed in sections from spinal
cord (Fig. S1b and c). Furthermore, there were no differ-
ences in the number of motor neurons (Fig. S1d). Thus, the
changes in tau phosphorylation are restricted to neurons in
brain.

Apoptosis in p62)/) deficient neurons
To determine whether the accumulation of hyperphosphory-
lated tau resulted in neurodegenerative consequences, apop-
tosis was quantitatively assessed by TUNEL staining (Gotz
et al. 2001). Comparison of WT with p62)/) matched
sections revealed an increase in TUNEL-positive neurons
in the cortex of 6-month-old-p62)/) brain (Fig. 4a). No
significant degree of neuronal cell death was noted in
sections stained from 2-month-old-p62)/) mice (data not
shown). By comparison, no TUNEL-positive neurons were
noted in the hippocampus, however the density of the
pyramidal neurons in the CA1 and CA3 cell layer was less in
the p62)/) brain sections (Fig. 4b). Quantitative assessment
of matched sections revealed a significant decrease in the
total number of neurons in the brain of 6-month-old-p62)/)

mice (Fig. 4c). Altogether, these findings reveal that an
absence of p62 promotes mature-onset neurodegeneration.
Our findings are consistent with the recently reported lack of
neurodegeneration observed in p62)/) mice, 4–8 weeks of
age (Komatsu et al. 2007).

Hippocampal-dependent behavior is altered in p62)/) mice
Changes in tau pathogenecity are associated with cognitive
decline in humans and in various mouse models. As shown
above, the loss of p62 leads to mature-onset changes in the
phosphorylation and ubiquitination of tau, suggesting that
mature p62-deficient mice may have cognitive alterations. In
brain, p62 is primarily concentrated in the hippocampus
(Gong et al. 1999), the region of the brain involved in
learning and memory. The Morris water maze was employed
to examine changes in spatial reference memory (Liu et al.
2003), a hippocampal-dependent task. Interestingly, the
p62)/) mice spent significantly less time in the quadrant of
the pool where the platform was located compared with the
WT mice during probe trials (Fig. 5a) indicating impaired
spatial memory. A more stringent measure of spatial
navigation is to examine the time spent in the inner, middle,
and outer zones of the water maze. The p62)/) mice spent
significantly more time in the outer zone of the maze because
of excessive wall hugging (thigmotaxis; Fig. 5b). To further
examine spatial learning in a less stressful task, the mice
were tested in an eight-arm radial maze. Upon opening the
doors in the maze, WT mice explored all individual arms
quickly and obtained food rewards. Analysis of the number
of correct arm choice in each trial showed that the WT mice
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(a)

(b)

(c)

(d)

(e)

Fig. 3 Loss of p62 leads to accumulation of aggregated K63-ubiqui-

tinated phosphorylated tau. (a) Fifty micrograms of protein extracted

from 6-month-old-wild-type (WT) and p62)/) brain by employing

sequential extraction with reassembly buffer, ristocetin-induced

platelet agglutination (RIPA), and formic acid (FA) were separated by

10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis

(SDS–PAGE) and western blotted with tau antibody. The FA fraction

(600 lg) was solubilized in RIPA buffer and immunoprecipitated (IP)

with anti-tau, separated by 7.5% SDS–PAGE and western blotted

with ubiquitin (Ub) and tau antibodies. (b) To assess the interaction of

tau with microtubules, insoluble fractions were prepared and equal

protein from WT or p62)/) brain were immunoprecipitated with tau

antibody followed by western blotting with anti-tubulin. Control lysates

blots were probed with tau antibody. (c) Cryo-sectioned mouse brain

sections were stained with antibody to phospho-tau (CP13) and Ub

and analyzed by confocal microscopy (63·). (d) Tau was immuno-

precipitated from the FA fraction of 6-month-old-WT and -p62)/)

mouse brain and separated by SDS–PAGE. The Ub chains were

quantified by absolute quantification of protein analysis as the ratio

between endogenous peptide versus the internal standard,

mean ± RSD. (e) His-Tau, HA-K63 Ub along with Myc-p62 or anti-

sense p62 was co-transfected into human embryonic kidney cells as

shown. The soluble and insoluble fractions were prepared followed by

immunoprecipitation with tau antibody followed by western blotting

with Ub and phosphor-tau antibody, CP13. The CP13 blot was

stripped and reprobed for tau. Lysates (50 lg) were blotted with the

indicated antibodies to verify the expression of the constructs tau,

CP13, Ub, and p62.
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learned the radial maze. By comparison, a consistent
response of p62)/) mice was to show little exploratory
behavior. They spent a significant amount of time in the
central chamber prior to their first arm entry, if any
(Fig. 5c), and in most cases they did not complete the maze.
The p62)/) mice appeared to be anxious with regards to
entering the arms of the maze. These changes (Fig. 5a–c)

were not apparent until 6 months of age. To further address if
the mice exhibited increased anxiety, they were tested in an
elevated plus maze (Fig. 5d) and an open-field maze
(Fig. 5e). These tests revealed p62)/) mice displayed signif-
icant levels of anxiety that were apparent as early as
2 months of age. A non-matching-to-place T-maze test was
employed to evaluate changes in short-term working memory
(Chan et al. 2006). The p62)/) mice exhibited significant
deficits in short-term memory (Fig. 5f) that were also
apparent as early as 2 months of age strongly suggesting
that this is an intrinsic defect because of lack of p62 and
dissociated from the induction of obesity in the mature p62-
deficient mice. The p62)/) mice also exhibited a significant
degree of depression which was apparent by 2 months, as
assessed in the Forced Swim Test (Fig. 5g). However, the
mice possessed normal motor neuron function (Fig. 5h)
which was consistent with the absence of tau pathology in
motor neurons (Fig. S1).

Loss of p62 results in decreased plasma BDNF
As p62)/) mice mature they become obese (Rodriguez et al.
2006). Reduced plasma neurotrophins, BDNF, and NGF
have been linked to both obesity (Geroldi et al. 2006) and
synaptic plasticity (Figurov et al. 1996). Therefore, levels of
both NGF and BDNF were examined in the 6-month-old
mice. It is clear that loss of p62 results in significant
reduction in BDNF, but not NGF levels (Fig. S2 a and b). By
comparison, there were no changes in plasma corticosterone
in the p62)/) mice (Fig. S2c).

To examine which traits were critically dependant upon
the level of p62, we conducted a comprehensive analysis
of heterozygous p62 mice, aged 6 months (Table S1).

(a)

(b)

(c)

Fig. 4 Absence of p62 results in neurodegeneration. (a) Matched

wild-type (WT) and p62)/) paraffin sections from 6-month-old mice

were TUNEL-stained (Roche Applied Sciences, Indianapolis, IN, USA)

to detect apoptotic neurons. In the top right panel, p62)/) TUNEL-

positive neurons are shown by arrows in the cortex region and com-

pared with WT. The lower left panel shows the negative control without

reagent and the positive control is shown in the lower right, pre-treated

with DNase I (WT < p62)/); mean ± SEM, **p < 0.05). (b) Cell death

in hippocampus of p62)/) mouse brain. Paraffin sections matched

brain regions of 6-month-old mice, WT or p62)/) were stained with

hematoxylin-eosin. The neurons between the CA1 and CA2 region

(arrows) were counted in three sections from four mice each. There

was a significant decrease in the number of neurons (**p < 0.01).

Also, at higher magnification, holes were apparent in the CA2 region,

which might be attributed to dying cells. The size of the neurons was

also reduced and that the thickness of the pyramidal cell layer from

CA1 to CA3 regions (arrows) was reduced. (c) The density of neurons

in WT and p62)/) brain sections from 6-month-old mice as shown were

determined by counting with the METAMORPH software and expressed

as average number neurons per field/mm2. There was a significant

decrease in the number of neurons (**p < 0.05).
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Interestingly, the 6-month-old-p62+/) mice were not obese,
lacked abnormal levels of hyperphosphorylated tau, retained
long term potentiation (LTP), and possessed normal levels of
plasma insulin and glucose. In comparison, brain of the 6-
month-old-p62+/) mice possessed elevated levels of MAPK,
JNK, GSK3, and AKT along with a parallel decline in spatial
learning and short-term memory. However, the p62+/) mice

exhibited anxiety, depression, and reduced levels of BDNF
comparable with p62)/) mice. Altogether, these results reveal
that some neuronal defects observed in the p62)/) mice
might be caused and/or amplified by the onset of obesity in
the adult; however, manifestation of anxiety, depression, and
reduced serum BDNF are uncoupled from obesity and
critically dependant upon the level of p62.

(a) (b)

(d)

(f)(e)

(c)

(g) (h)
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Discussion

Collectively (Table S2), these results demonstrate that the
loss of p62 leads to early onset (by 2 months of age) changes
in short-term memory, anxiety and depression prior to onset
of tau-pathology, loss of synapses, neurodegeneration, and
obesity. These traits are characteristic of human AD.
Interestingly, the behavioral and cognitive alterations pre-
ceded both the accumulation of polyubiquitin (Wooten et al.
2008) and pathologic changes in tau that occurred at the age
of 6 months. As a scaffold, p62 leads to recruitment of
aPKCs, the ubiquitin ligase, TRAF6, and the deubiquitina-
ting enzyme, CYLD, which could directly regulate the
phosphorylation and ubiquitination of tau. In this regard, tau
has been shown to be a K63-ubiquitinated TRAF6 substrate
and to localize with tau in inclusions isolated from AD brain
(Babu et al. 2005). The configuration of the K63-ubiquitin
chains might regulate the folding of tau. Indeed, expression
of K63R ubiquitin mutant promoted tau solubility (Babu
et al. 2005). By comparison, expression of K63-ubiquitin in
the absence of p62 promoted tau’s insolubility and surpris-
ingly the phosphorylation of tau. The activity of the K63-
DUB, CYLD is also impaired in absence of p62 (Wooten
et al. 2008) and could thereby account for a further increase
in K63-ubiquitinated tau observed in the brain of p62)/)

mice. Thus, tau becomes stably hyperphosphorylated and
K63-ubiquitinated in the absence of p62 leading to changes
in its conformation and solubility. Collectively, these data
demonstrate that p62 regulates the solubility and aggregation
state of tau, suggesting that p62 is a critical element in tau
pathogenecity. Furthermore, although the tau kinases are
activated in the p62+/) brain, tau tangles fail to form, thereby
suggesting that tau ubiquitination has a primary role in

regulating the pathogenecity of tau. Furthermore, elevated
levels of p62 protect against the neurodegenerative effects of
tau pathogenecity.

Cognitive impairment, anxiety, and depression are some
of the most common early markers of AD. In the p62)/)

mice, these deficits occur early by 2 months and are
coincident with the loss of LTP, but much earlier than the
appearance of the first signs of obesity (Rodriguez et al.
2006) or alterations in tau pathology. In humans, serum
levels of BDNF have been used as a marker of metabolic
syndrome (Geroldi et al. 2006). Moreover, BDNF is secreted
in an activity-dependent manner by binding to its tyrosine
receptor kinase B, thereby regulating synaptic plasticity and
LTP. In this regard, diminished levels of BDNF in the p62+/)

mice might occur because of defective internalization and
recycling of tyrosine receptor kinase B as p62 has been
shown to bind all neurotrophin receptors (Geetha and
Wooten 2003) and regulate their internalization. As brain
is the major site for BDNF synthesis and secretion,
disturbances in the microtubule network in p62)/) brain
would also contribute to reduce serum BDNF levels.
Furthermore, BDNF levels have been linked to anxiety
(Lang et al. 2005), depression (Monteggia et al. 2007),
memory (Egan et al. 2003) as well as obesity (Rios et al.
2001; Geroldi et al. 2006)). In addition, reduced levels of
BDNF have been suggested to serve as a risk determinant for
AD (Kunugi et al. 2001). Older p62-deficient mice possess
many traits in common with obesity and AD, suggesting that
p62 is a component of overlapping synergistic metabolic
pathways of which BDNF is a primary target. Importantly,
our data reveal that the tau pathology can be separated from
the neurotrophin-dependent pathway by the level of p62
expression.

Fig. 5 Alterations in hippocampal-dependent behavior at 6 months of

age. (a,b) Probe trial impairment in the Morris water maze. (a) The

p62)/) mice (n = 14) spent significantly less time in the platform

quadrant of the tank (*p < 0.05) than did wild-type (WT) mice (n = 17).

(b) Subsequent analysis in circular zones reveal that p62)/) mice spent

significantly more time in the outer zone (**p < 0.05), while spending

correspondingly less time in the inner zone (**p < 0.05) than did WT

mice. (c) Latency to enter arms of a radial arm maze. WT (n = 21) and

p62)/) (n = 14) mice were placed in the central chamber of an eight-

arm radial maze and the time of first arm entry was measured for both.

Testing consisted of a single trial per day for 14 consecutive days. The

latency to first arm entry was significantly impaired (*p < 0.005) in the

p62)/) mice compared with WT mice. (d) The p62)/) mice (n = 34)

spent significantly less time in the open arms (*p < 0.05) than WT mice

(n = 20), an indication of increased anxiety. (e) Anxiety-like behavior

was assessed by counting fecal deposits after 10 min in the open-field

maze. The p62)/) (n = 24) displayed a marked increase in stress/

anxiety-like behavior compared with WT (n = 27; *p < 0.005). (f) WT

type (n = 12) and p62)/) mice (n = 16) were tested in the T-maze at

2 months of age. Mice were food restricted and trained in the maze for

6 days. This was followed by a 12-day testing period split into three

blocks (4 days each) with differing retention intervals between runs (no

delay, 10 s, 1 min). Mice performed four trials per day, each trial

consisting of a ‘sample’ and ‘choice’ run. Working memory is ex-

pressed as percent of correct non-match-to-place choices made during

each block. A correct choice is a visit to the unsampled arm while an

incorrect choice is a visit to a previously sampled arm. Data were

subjected to unpaired two-tailed Student’s t-test between group anal-

yses. A within block comparison reveals significant deficits (*p < 0.05)

in working memory of the p62)/) mice even with no delay between test

runs. Between block analysis indicate differences between testing

blocks of WT mice (**p < 0.05) and a significant difference between no

delay and 1 min delay in p62)/) mice (***p < 0.05). Shown are the

mean ± SEM. (g) WT and p62)/) mice were subjected to the Forced

Swim Test. p62)/) mice exhibited significant immobility (*) with corre-

sponding decrease in climbing behavior (**) (WT, n = 8; p62)/),

n = 12; p < 0.05). (h) The hanging wire test shows no deficiency in

motor coordination in the p62)/) mice. Both WT (n = 5) and p62)/)

(n = 4) were tested for motor coordination deficits at 6 months of age

on the coat-hanger apparatus (p < 0.05).
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In AD brain, PHF-tau has been shown to bind the
proteasome and result in inhibition of proteasome activity
(Keck et al. 2003). PHF-tau isolated from AD brain is
primarily composed of K48-ubiquitin chains (Cripps et al.
2006). Our findings are consistent with both of these
observations as we did not observe any change in the
activity of the proteasome and predominantly K63-ubiquiti-
nated tau was recovered from the p62)/) brain. These
findings reveal that there are different forms of ubiquitinated-
tau which may contribute to onset of AD and hence may
contribute to heterogeneity of the disease. Recent studies
have shown that the misfolded P301L mutant of tau is
recruited to aggresomes when K63-ubiquitinated (Tan et al.
2008). Aggresome formation is dependent upon both p62
and its ubiquitin associated domain through interaction with
K63-polyubiquitin (Donaldson et al. 2003; Seibenhener
et al. 2004; Wooten et al. 2008). Thus, in the absence of
p62, K63-aggregated proteins are likely to accumulate but
are not sequestered (Wooten et al. 2008). The oligomeric,
non-PHF form of tau is extremely toxic (Maeda et al. 2007),
which probably accounts for the neurodegenerative effects
that we observe. Taken altogether, these evidences suggest
that K63-ubiquitin chains may serve a specialized function to
activate signaling kinases (Adhikari et al. 2007), stabilize
ubiquitin aggresomes, and regulate their interaction with
microtubule chaperones such as p62 (Babu et al. 2005;
Wooten et al. 2008).

Genetic studies have shown that mutations in p62 are
linked to Paget disease (Laurin et al. 2002). One form of this
disease, inclusion of body myopathy associated with Paget’s
disease of bone and fronto temportal dementia has as a
hallmark, the deposition of hyperphosphorylated tau and
ubiquitin (Kimonis and Watts 2005). Thus, our findings are
consistent with disturbances in both tau phosphorylation/
ubiquitination states playing an underlying role in the
pathophysiology of this disease. There is growing realization
that neurotrophin trafficking and neurodegenerative path-
ways share overlapping features (Dawbarn and Allen 2003).
Interestingly p62 has been studied as a protein regulating the
trafficking of the neurotrophin receptor tyrosine receptor
kinase A (Wooten et al. 2008). Furthermore, transgenic mice
lacking the neurotrophin, NGF, also display an AD-like
phenotype with tau hyperphosphorylation and NFTs
(Capsoni et al. 2000). In addition to association of p62 with
tau in AD brain (Babu et al. 2005), p62 has also been
localized to inclusions found in neurons associated with
Huntington (Bjorkoy et al. 2005), spinocerebellar ataxia
Type 3 (Donaldson et al. 2003), amyotrophic lateral sclerosis
(Gal et al. 2007), Parkinson (Zatloukal et al. 2002), and
fronto temporal dementia (Arai et al. 2003). We propose that
p62 plays a conserved role in trafficking of ubiquitinated
proteins and therefore, reduced expression of p62 would
promote accumulation of various aggregated/misfolded pro-
teins. Alternately, increased expression of p62 would favor

formation of aggresomes containing misfolded proteins such
as superoxide dismutase and tau (Gal et al. 2007; Tan et al.
2008).

In summary, we demonstrate that p62 deficiency is part of
a complex metabolic pathway that overlaps with tau
pathology, BDNF levels, anxiety, depression, and loss of
short-term memory. Altogether, this work stresses the
functional role of the p62 scaffold and illuminates a novel
role for p62 as a neuroendocrine regulatory protein. There is
a growing population of obese individuals who are at risk of
developing T2DM and AD. New strategies are needed for
the early detection and treatment of these disorders.
Increases in p62 may protect against accumulation of
hyperphosphorylated tau, promote tau interaction with
microtubules and might therefore decrease accumulation of
NFTs and improve cognitive function. Conversely, down-
regulated expression of p62 along with the aPOE e 4 allele
(Peila et al. 2002) may put one at risk for development of
AD. As the majority of AD cases are sporadic, these findings
may facilitate greater understanding of interactions that
occur between p62 and diet that impact this novel neuro-
endocrine pathway.
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