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The endosomal sorting complex required for trans-
port (ESCRT) proteins form multimolecular com-
plexes that control multivesicular body formation,
endosomal sorting, and transport ubiquitinated
membrane proteins (including cell-surface receptors)
to the endosomes for degradation. There is accumu-
lating evidence that endosomal dysfunction is linked
to neural cell degeneration in vitro , but little is known
about the relationship between neural disorders and
ESCRT proteins in vivo. Here we specifically deleted
the hrs gene, ESCRT-0, in the neurons of mice by
crossing loxP-flanked hrs mice with transgenic mice
expressing the synapsin-I Cre protein (SynI-cre).
Histological analyses revealed that both apoptosis
and a loss of hippocampal CA3 pyramidal neurons
occurred in the hrsflox/flox;SynI-cre mice. Notably ,
the hrsflox/flox;SynI-cre mice accumulated ubiquiti-
nated proteins , such as glutamate receptors and an
autophagy-regulating protein, p62. These mole-
cules are particularly prominent in the hippocam-
pal CA3 neurons and cerebral cortex with advanc-
ing age. Accordingly , we found that both locomotor
activity and learning ability were severely reduced
in the hrsflox/flox;SynI-cre mice. These data suggest

that Hrs plays an important role in neural cell
survival in vivo and provide an animal model for
neurodegenerative diseases that are known to be
commonly affected by the generation of protein-
aceous aggregates. (Am J Pathol 2008, 173:1806–1817;

DOI: 10.2353/ajpath.2008.080684)

The generation of proteinaceous aggregates is a com-
mon pathological feature in neurodegenerative diseas-
es.1 Alterations in the lysosomal pathway are associated
with normal brain aging, as well as with age-related neu-
rodegenerative diseases, including Alzheimer’s and Par-
kinson’s. When the level of misfolded protein overwhelms
the degradative pathways, cellular toxicity and neurode-
generation result.2 Cellular mechanisms for degrading
misfolded protein include the ubiquitin-proteasome sys-
tem, which is the main nonlysosomal degradative path-
way for ubiquitinated proteins, and autophagy, a lyso-
some-mediated degradative pathway.3

Glutamate receptors play prominent roles in several
neurodegenerative diseases.4–7 All N-methyl-D-aspartate
(NMDA) receptors (NR) share one NR1 subunit and one
or more NR2A-D and/or NR3 subunits, forming a het-
erotetrameric complex.8 Fbx2-mediated ubiquitination is
required for NR1 subunit degradation.9 KEL-8, a sub-
strate receptor for Cullin 3 ubiquitin ligases, is reported to
be required for the proteolysis of the �-amino-3-hydroxy-
5-methyl-isoxazolepropionic acid receptor (AMPAR) sub-
unit GluR1.10 Thus, ubiquitination is important for the
homeostatic control of glutamate receptors in neurons.
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Endosomal sorting complex required for transport
(ESCRT) proteins form multimolecular complexes that
control multivesicular body formation and transport ubi-
quitinated membrane proteins to the endosomes. The
ESCRTs are subdivided into four complexes.11 Ubiquiti-
nated cargos such as epidermal growth factor receptors
are initially recognized by the ESCRT-0 complex, and
then sequentially handed off to ESCRT-I, -II, and -III. After
these steps, the cargos are invaginated into multivesicu-
lar bodies and eventually sorted into the lysosomes. The
ESCRT-0 component Hrs (also known as Hgs) plays a
particularly major role in this sorting process.12 Although
several studies using Hrs mutants or its deletion in
mammalian cells and mice suggest that it has a role in
morphogenesis and development,13,14 whether or not
Hrs possesses any function in the nervous system is
unknown.

Recent studies suggest that protein ubiquitination is
essential for proper nervous system function.15 Ubiquiti-
nation is a key tagging process for proper protein traf-
ficking and turnover involving proteasome- and lyso-
some-dependent degradation. In addition, a recent study
suggested that normal multivesicular body function is
essential for neural cells to avoid degeneration.16 Further-
more, ESCRT-III dysfunction is associated with a type of
neurodegeneration that resembles frontotemporal dementia
and other age-dependent neurodegenerative diseases.17

These findings together highlight ESCRT function as
being important for maintaining neuronal homeostasis,
and prompted us to investigate the in vivo role of Hrs in
the central nervous system. Using the Cre-loxP system,
we found that Hrs is required for the degradation of
ubiquitinated proteins in the central nervous system and
the survival of mouse hippocampal CA3 neurons.

Materials and Methods

Generation of Floxed Hrs Mice

To generate a neuron-specific conditional knockout of
Hrs (accession no. CDB0476K; Center for Developmental
Biology, Kobe, Japan), we generated a floxed hrs allele
(hrsflox) using embryonic stem (ES) cell homologous re-
combination technology. For the targeting construct of
the hrsflox/flox line, a C57BL/6J genomic clone was used to
generate the hrs targeting vector, and two loxP sites were
integrated, one upstream of exon 2 and one downstream
of exon 4. The targeting vector was electroporated into
TT2 ES cells, followed by G418 selection. Colonies sur-
viving selection were tested for homologous recombina-
tion and incorporation of the loxP sites by Southern blot
hybridization. Two clones were identified and injected
into ICR 8 cell-stage embryos.18 Chimeric mice were
mated to C57BL/6J mice to identify germ-line transmis-
sion of the targeted hrs allele. Removal of the neomycin
selection cassette, which was surrounded by FRT (Flp
recombinase target) sites, was accomplished by first
mating hrsflox/flox mice to FLPeR mice19 at Riken (Kobe,
Japan). All animal experiments were performed accord-
ing to the guidelines laid down by the animal welfare

committees of the Tohoku University Graduate School of
Medicine and Riken.

Generation of hrsflox/flox;SynI-cre Mice

SynI-cre transgenic mice (a gift from Jamey Marth, Uni-
versity of California, San Diego, CA)20 were mated with
the hrsflox/flox mice to generate hrsflox/�;SynI-cre mice. The
hrsflox/�;SynI-cre mice were then mated with each other.
Offspring carrying hrsflox/flox;SynI-cre and hrs�/�;SynI-cre
were used for further analyses. These mice were geno-
typed by polymerase chain reaction (PCR) using DNA
obtained from the tail.

Southern Blot Analysis

Genomic DNA from ES cells was digested with restriction
enzymes, separated by electrophoresis on a 0.6% agarose
gel, transferred to Hybond-N (GE Health Care, Chalfont St.
Giles, UK, and hybridized with the random-primed probe.

Genotype Analysis

Genomic DNA from the mouse tail was used for PCR
analysis. We genotyped the hrs flox allele using a forward
primer (5�-GATGATGAGATGTTTACC-3�) and a reverse
primer (5�-TTGTCCTTTACCTCTTAG-3�) that flank the 5�
loxP site. The PCR products were 354 bp for the hrsflox/flox

allele and 229 bp for the wild-type allele. We amplified the
hrs�2–4 allele using a forward (6851F: 5�-TTGTTGAAT-
GAGTAACAAGGGTGGT-3�) and reverse primer (9100R:
5�-TGGATCCCATGAAATGGGGAACAGC-3�). The PCR
products were 0.3 kbp for the hrs�2–4 allele and 2.3 kbp
for the wild-type allele. Genotyping for the presence of the
SynI-cre allele was performed using the following primer
pair: forward (5�-TTACCGGTCGATGCAACGAGTGAT-3�)
and reverse (5�-TTCCATGAGTGAACGAACCTGGTC-3�).

Western Blotting

Immunoblotting was performed as previously described.21

In brief, brains from mice were homogenized in lysis
buffer [1% Nonidet P-40, 20 mmol/L Tris-HCl (pH 7.5),
150 mmol/L NaCl, 1 mmol/L ethylenediaminetetraacetic
acid, 1 mmol/L Na3VO4, 1 mmol/L phenylmethyl sulfonyl
fluoride, and 20 �g/ml aprotinin]. The lysates were pre-
cleared by centrifugation (10,000 � g) for 20 minutes at
4°C. The supernatants were then separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred onto polyvinylidene difluoride membranes (Mil-
lipore, Billerica, MA). After being blocked with 5% nonfat
milk in Tris-buffered saline containing 0.1% Tween 20, the
membranes were probed with the indicated primary anti-
bodies. After another wash, the membranes were probed
with horseradish peroxidase-conjugated secondary anti-
bodies (Cell Signaling, Beverly, MA).
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Histology and Immunohistochemistry

Mice were perfused with 4% paraformaldehyde, and the
dissected brains were postfixed for 24 hours before be-
ing embedded in paraffin. For histological analyses,
3-�m sections were stained with hematoxylin and eosin
(H&E). Immunostaining was performed by the streptavi-
din-biotin immunoperoxidase method (Histofine SAB-PO
kit; Nichirei, Tokyo, Japan) using primary antibodies. We
used the antibodies at the following dilutions: anti-ubiq-
uitin [1:200, 1B3, mouse monoclonal antibody (mAb);
MBL International, Woburn, MA]; anti-ubiquitin (1:200,
FK2, mAb; Biomol, Plymouth Meeting, PA); anti-GFAP
(1:200, mouse mAb; Chemicon, Temecula, CA); anti-
calbindin (1:200, rabbit polyclonal antibody; Chemicon).
We also used anti-Hrs,22 anti-NR1,23 anti-NR2B,24 and
anti-GluR1 antibodies25 as previously described. To
detect mouse monoclonal antibodies, the Histofine
mouse staining kit (Nichirei) was used. Immunoreac-
tions were visualized with 3,3,-diaminobenzidine. For
terminal deoxynucleotidyltransferase-mediated dUTP-
biotin nick-end labeling (TUNEL) assays, 5-�m sec-
tions were deparaffinized, and terminal transferase la-
beling of the fragmented DNA was performed with an in
situ cell death detection kit (Fluorescein; Roche, Indi-
anapolis, IN), according to the assay protocol of the kit.

Reverse Transcriptase (RT)-PCR

RT-PCR was performed as previously described.26 In
brief, the total RNA from the brains of 8-week-old hrs�/�;
SynI-cre and hrsflox/flox;SynI-cre mice was prepared us-
ing TRIzol (Invitrogen, Carlsbad, CA). PCR was per-
formed in a 50-�l mixture consisting of 20 mmol/L
Tris-HCl (pH 8.0), 2 mmol/L MgCl2,50 mmol/L KCl, 0.2
mmol/L deoxynucleotide triphosphate mixture, 1 �mol/L of
various primers, 1.25 U of Ex-TaqDNA polymerase (Takara
Shuzo, Kyoto, Japan), and 1 �l of the RT reaction mixture
as a template. The PCR conditions were as follows: de-
naturation at 94°C for 2 minutes, followed by 35 cycles of
30 seconds at 94°C, 1 minute at 65°C, and 1 minute at
72°C. The following oligonucleotide primers were used:
HrsE1F (5�-GAGGCAGCGGCACCTTCGAG-3�) and HrsE7R
(5�-ATGGCATTCCTCAGCATCCA-3�).

In Situ Hybridization

In situ hybridization was performed as previously de-
scribed.27 Mice were anesthetized and perfused with 4%
paraformaldehyde. The brains were postfixed overnight
at 4°C and then cryoprotected with 30% sucrose in 0.1 M
phosphate buffer at 4°C. Frozen sections were cut at 20
�m on a freezing microtome and mounted on MAS-
coated slides (Matsunami, Osaka, Japan). The transcrip-
tion reactions were performed using a digoxigenin (DIG)
RNA labeling kit (SP6/T7) (Roche). The purified plasmids
were linearized and then used as templates for in vitro
transcription of the DIG-labeled antisense (or sense con-
trol) RNA probes with T7 (or SP6) RNA polymerase. The
transcripts were subjected to alkaline hydrolysis to re-

duce their size. For this, the DIG-labeled full-length cRNA
was added to alkaline hydrolysis solution [40 mmol/L
NaHCO3/60 mmol/L Na2CO3 (pH 10.2)] and incubated
for 15 minutes at 60°C. For in situ hybridization, the sec-
tions were postfixed in 4% paraformaldehyde [freshly
prepared in 0.1 mol/L phosphate buffer (pH 7.4)] for 10
minutes, washed three times with phosphate-buffered
saline (PBS), treated with 0.5 �g/ml proteinase K (Sigma)
for 30 minutes at 37°C, postfixed in 4% paraformalde-
hyde for 5 minutes, washed three times with PBS, acety-
lated for 10 minutes, treated 0.3% Triton X-100 for 20
minutes, and washed three times with PBS for 5 minutes
each. Prehybridization was performed for 1 hour at 65°C
with hybridization buffer without probe and then hybrid-
ization was done at 65°C overnight in a new hybridization
buffer containing one of the DIG-labeled RNA probes.
The hybridization buffer consisted of 5� saline sodium
citrate (SSC; Gibco BRL/Invitrogen, Tokyo, Japan), 50%
deionized formamide (Sigma, St. Louis, MO), 500 �g/ml
herring sperm DNA (Roche), 5� Denhardt’s solution
(Open Biosystems, Huntsville, AL), and 250 �g/ml trans-
fer RNA (Roche). After hybridization, the sections were
sequentially treated with 2� SSC/50% formamide for 30
minutes at 65°C, 2� SSC for 30 minutes at 65°C twice,
and 0.2� SSC for 5 minutes at room temperature. The
hybridized probe was detected with an alkaline phos-
phatase-conjugated anti-DIG antibody using a DIG nu-
cleic acid detection kit (Roche) according to the manu-
facturer’s protocol.

Behavioral Tests

All behavioral experiments were performed with 2- to
3-month-old male mice with a mixed 129/Ola-C57BL/6
genetic background and in the light phase of their diurnal
cycle, between 09:00 and 17:00 hours. All experimental
protocols were approved by the Animal Care Committee
of the Tohoku University School of Medicine, and all
experiments were performed in compliance with the rel-
evant laws and institutional guidelines.

Open Field Test

Mouse locomotor activity in the open field was measured
using a photo-beam system (BTA-1, Muromachi-Kikai,
Tokyo, Japan). The values for ambulation distance were
accumulated for 30 minutes and logged onto a personal
computer.

Step-Through Passive Avoidance Test

The learning ability of the mice was evaluated using a
step-through passive avoidance memory test, as previ-
ously described.28 The training apparatus was a box
consisting of a small lighted compartment (15 � 10 � 10
cm3) and a large dark compartment (18 � 12 � 10 cm3).
A 10 � 10 cm2 guillotine door separated the two com-
partments. The light compartment was made of clear
Plexiglas, and was illuminated by a lamp (60 W) from the
outside. The dark compartment had a series of stainless-
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steel rods (3 mm in diameter, 1 cm apart) through which
a constant electrical current could be delivered. The mice
were first habituated to the box on 2 consecutive days.
On the first day, they were placed in the light compart-
ment and allowed to explore the box. The latency period
for entering the dark compartment was recorded. As
soon as a mouse entered the dark compartment, the door
was closed, and the mouse was kept inside for 15 sec-
onds before being returned to its cage. On the second
training day, on entry into the dark compartment, the
mice were given 0.5 mA of current for 5 seconds. The test
session was performed 24 hours after the training session
using the same paradigm, but without the foot shock. The
latency period for each mouse to move into the dark
compartment was recorded for up to a maximum of 300
seconds.

Wire Hanging Test

The ability of mice to hang upside down from a wire
screen was tested as previously described.29 The wires
were 1 mm in diameter and spaced 1 cm apart. A rect-
angular area of the screen was taped off to confine the
mouse to an 18 � 26 cm section of the screen. After a
mouse was placed on the screen, the screen was waved
gently in the air three times to force the mouse to grip the
wires. The screen was then immediately turned upside
down, 70 cm above a large rodent housing cage. The
latency period for the mouse to fall into the cage was
recorded. Mice that did not fall during the 60-second trial
period were removed and given a maximal score of 60
seconds.

Forced Swimming Test

Mice were individually forced to swim in an aquarium
(25 � 40 � 20 cm) containing 15-cm-deep water at 25 �
1°C; the total duration of mouse immobility was measured
during a 6-minute test.30 Each mouse was judged to be
immobile when it ceased struggling and remained float-
ing motionless in the water, making only those move-
ments necessary to keep its head above water.

Footprint Analysis

Footprint assessment was performed to detect gait ab-
normalities that could contribute to deficits in motor co-
ordination on land.31 Each hindpaw was colored black
and forepaw red using nontoxic dye. For each mouse,
five or more consecutive strides were averaged.

Results

Expression of Hrs in Mouse Brain

We first performed in situ hybridization to examine the
expression of the hrs gene in the central nervous system
because currently there is no antibody to reliably detect
Hrs in brain tissue. In 5-week-old wild-type mice, hrs was

ubiquitously expressed in the brain, with higher expres-
sion in the hippocampus, cerebral cortex, and hypothal-
amus (Figure 1, A and F). The degree of expression was
higher in the CA3 than in the CA1 subfield in the hip-
pocampus (Figure 1, B and C). Distinct expression was
seen in the Purkinje cells (Figure 1, D and E).

Deletion of Hrs in the Central Nervous System

An hrs flox mouse was generated with loxP sites flanking
exons 2 to 4 of the mouse hrs locus (Figure 2A). Het-
erozygous hrs flox ES cells were identified by Southern
blot analysis (Figure 2B). To delete hrs specifically in
the mouse brain, homozygous hrs flox mice (hrsloxP/loxP)
were crossed with SynI-cre transgenic mice. To assess
whether exons 2 to 4 were deleted, we performed RT-
PCR analysis of the brains from hrsloxP/loxP;SynI-cre, and
hrs�/�;SynI-cre mice. A pair of primers spanning exons 1
and 7, respectively, amplified a 491-bp fragment from the
hrs�/�;SynI-cre brain and a 237-bp fragment from the
hrsloxP/loxP;SynI-cre brain (Figure 2C). Sequence analyses
of the RT-PCR fragments showed that the hrs mRNA
transcript from the hrsloxP/loxP;SynI-cre brain contained a
deletion of nucleotides 74 through 327, resulting in a
frameshift and a stop codon in exon 5 (data not shown).
PCR analyses of the genomic DNA from these brains
revealed 0.3-kbp fragments (Figure 2D). Moreover, im-

Figure 1. In situ hybridization of 5-week-old wild-type mouse brain probed
for hrs mRNA. A: Coronal section through the cerebrum (hippocampus)
showing the ubiquitous expression of hrs mRNA. Stronger hrs expression
was seen in the CA3 (C) than the CA1 (B) subfield. D and E: Coronal section
through the cerebellum showing strong expression of hrs in the granular cell
layers and Purkinje cells. F: In situ hybridization of the section consecutive
to A with the sense probe as a negative control. CTX, cerebral cortex; HP,
hippocampus; TH, thalamus; HY, hypothalamus; CB, cerebellum; V4, fourth
ventricle; Me, medulla oblongata; GL, granular layer; P, Purkinje cell; ML,
molecular layer. Scale bars: 1 mm (A, D); 50 �m (B, C, E). Original magni-
fications: �40 (A, D); �400 (B, C, E).
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munoblotting analysis with an anti-Hrs mAb revealed that
�60% of the Hrs expression was suppressed in the
hrsloxP/loxP;SynI-cre brain (Figure 2E). Because SynI-cre
transgenic mice specifically express Cre recombinase in
differentiated neurons, and not in astroglia,20 these data
suggest that both neurons and glial cells express Hrs. We
conclude that the hrs flox allele represents a functional
conditional allele.

Loss of Weight in Hrs Mutant Mice

HrsloxP/loxP;SynI-cre mice were morphologically indistin-
guishable from their littermates at birth. Hrs�/�;SynI-cre,
hrs�/loxP;SynI-cre, and hrsloxP/loxP;SynI-cre mice were ob-
tained at the expected Mendelian ratios and were viable
at least for several months. Hrs�/loxP;SynI-cre mice did not
differ in growth or behavior from their hrs�/�;SynI-cre
littermates. However, growth retardation of the hrsloxP/loxP;
SynI-cre mice became detectable by 3 weeks of age
and gradually worsened; most of the hrsloxP/loxP;SynI-

cre mice did not show any increase in their body weight
after they reached 8 weeks of age (Figure 3). More-
over, the hrsloxP/loxP;SynI-cre mice were infertile.

Loss of Pyramidal Neurons in the Hippocampal
CA3 Subfield in Hrs Mutant Mice

We next performed histopathological examinations of the
hrs�/�;SynI-cre and hrsloxP/loxP;SynI-cre mice by Nissl
staining with cresyl violet. The gross anatomy of the Hrs
mutant brain was normal. In the 2- and 3-week old brains,
no histopathological difference was observed between
the hrs�/�;SynI-cre and hrsloxP/loxP;SynI-cre mice (Figure
4, A–D). However, the number of pyramidal neurons in
the hippocampal CA3 subfield was reduced in the
5-week-old hrsloxP/loxP;SynI-cre brain (Figure 4, E and F),
and progressive decreases were observed in the 8- and
28-week-old hrsloxP/loxP;SynI-cre brains (Figure 4, G–J). In
contrast, we could not detect any decrease in the pyra-
midal neurons in CA1. No difference was observed in any
other regions, including the cerebral cortex, substantia
nigra, striatum, cerebellum, or hypothalamus by Nissl
staining or H&E staining (data not shown).

Immunostaining for the glial marker GFAP (glial fibril-
lary acidic protein) showed increased GFAP in the hip-
pocampal CA3 subfield of the hrsloxP/loxP;SynI-cre mice,
suggesting the presence of neural damage in this region
(Figure 5, A and B). To determine whether the reduced
number of neurons observed in the hrsloxP/loxP;SynI-cre
mouse brain was caused by cell death, we performed
TUNEL staining, which detects the DNA fragmentation in
dying cells. Several TUNEL-positive cells were detected in
the hippocampal CA3 subfield of 5-week-old hrsloxP/loxP;
SynI-cre mice, but no TUNEL-positive cells were detected in
the hrs�/�;SynI-cre hippocampus (Figure 5, C and D).
These results suggest that neural cell death occurs in a
specific brain region of the hrsloxP/loxP;SynI-cre mice, the
hippocampal CA3 subfield.

Figure 2. Generation of floxed hrs mice. A: Schematic representation of the
hrs genomic locus, targeting vector, and hrs mutated locus. The targeting
vector was designed to replace exon 2 (E2) to E4, which encode Hrs amino
acids 74 to 327. The expected fragments generated by MfeI digestion were 12
and 15 kb for the wild-type and mutated alleles, respectively. Open and
closed arrowheads denote the positions of the loxP and FRT sequences,
respectively. B: Southern blot analysis of the hrs mutation in ES cell clones.
DNA was digested with MfeI, and the blot was probed with the flanking 5�
probe as shown in A. Lines indicate the positions of the DNA fragments
corresponding to the wild-type and mutated alleles. C: RT-PCR analysis of the
total RNA from the brains of hrs�/�;SynI-cre and hrsloxP/loxP;SynI-cre mice.
The primers used were HrsE1F and HrsE7R (see Materials and Methods). D:
Genomic PCR analysis of the hrs�/�;SynI-cre and hrsloxP/loxP;SynI-cre brains.
The primers used were 6851F and 9100R (see Materials and Methods). E:
Western blot analysis for Hrs. Lysates from hrs�/�;SynI-cre and hrsloxP/loxP;
SynI-cre brains were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and blotted with an anti-Hrs antibody.

Figure 3. Phenotypes of the hrsloxP/loxP;SynI-cre mice. Growth curves for
hrs�/�;SynI-cre (males, n � 12; females, n � 9) and hrsloxP/loxP;SynI-cre (males,
n � 10; females, n � 9) mice. Error bars indicate SE.
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To examine the mossy fiber pathway that connects
granule cells to CA3 pyramidal cells, we performed im-
munostaining assays for calbindin, which selectively
stains neurons in the dentate gyrus containing the mossy
fiber pathway and Purkinje cells. Despite the profound
reduction of pyramidal cells in the hippocampal CA3
subfield of hrsloxP/loxP;SynI-cre mice, the staining pattern
of calbindin was not significantly different between the
hrs�/�;SynI-cre and hrsloxP/loxP;SynI-cre mice (Figure 6, A
and B). Immunohistochemical staining with an anti-calbi-
ndin antibody demonstrated no difference in the Purkinje
cell numbers between the hrs�/�;SynI-cre and hrsloxP/loxP;
SynI-cre mice (Figure 6, C and D).

Accumulation of Ubiquitinated Proteins in the
Hrs Mutant Brain

Because Hrs has an essential role in the endocytic sort-
ing of ubiquitinated proteins, we investigated whether

ubiquitinated proteins accumulated in the Hrs mutant
brains by immunohistochemical analysis. In the hrsloxP/loxP;
SynI-cre mouse brain, numerous granules stained by an
anti-ubiquitin antibody appeared in the CA3 subfield,
cerebral cortex, hypothalamus, and less frequently, in
Purkinje cells (Figures 7 and 8). In the 16-week-old
hrsloxP/loxP;SynI-cre mouse brain, there were fewer ubiq-
uitin-positive pyramidal cells, because most of the pyra-
midal cells were already lost (Figure 7, K–M). Interest-
ingly, ubiquitin-positive aggregates were also observed
in the 3-week-old hrsloxP/loxP;SynI-cre mouse brain, which

Figure 4. Abnormalities in the hippocampal CA3 subfield of hrsloxP/loxP;
SynI-cre mice. Nissl staining of anterior coronal hippocampus sections of
mice. Mice were hrs�/�;SynI-cre (A, C, E, G, I) and hrsloxP/loxP;SynI-cre (B, D,
F, H, J) and were 2 weeks (A, B), 3 weeks (C, D), 5 weeks (E, F), 8 weeks
(G, H), and 28 weeks (I, J) of age. Note the loss of pyramidal cells in the CA3
subfield in the hrsloxP/loxP;SynI-cre hippocampus (arrows). Scale bars � 250
�m. Original magnifications, �100.

Figure 5. Neural cell death occurs in the hippocampal CA3 subfield of
hrsloxP/loxP;SynI-cre mice. A and B: Anti-GFAP antibody staining. Brain sec-
tions from hrs�/�;SynI-cre (A) and hrsloxP/loxP;SynI-cre (B) mice were immu-
nostained with a GFAP-specific antibody. The GFAP signal was increased in
the hippocampus of hrsloxP/loxP;SynI-cre mice. C and D: TUNEL staining of
the hippocampal CA3 subfield. Hippocampus sections of 5-week-old hrs�/

�;SynI-cre (C) and hrsloxP/loxP;SynI-cre (D) mice were stained for TUNEL.
Arrows indicate positive staining for TUNEL. Original magnifications, �400.
Scale bars � 50 �m.

Figure 6. A and B: Calbindin immunostaining for mossy fibers. Sections
were prepared from the brains of 8-week-old hrs�/�;SynI-cre (A) and hrsloxP/

loxP;SynI-cre (B) mice. C and D: Calbindin immunostaining for Purkinje cells.
The sections were prepared from the brains of 8-week-old hrs�/�;SynI-cre
(C) and hrsloxP/loxP;SynI-cre (D) mice. Scale bars: 0.25 mm (A, B); 25 �m (C,
D). Original magnifications: �200 (A, B); �400 (C, D).
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did not show the loss of hippocampal CA3 pyramidal
neurons (Figure 4, C and D; and Figure 7, E, F, and M).
The number of ubiquitin-positive neurons in the cerebral
cortex gradually increased with age (Figure 8, A–J and
O). On the other hand, we could not detect any ubiquitin-
positive aggregates in the hrsloxP/loxP;MX1-cre mouse
liver, which was sufficiently knocked-out by the injection
of polyriboinosinic polyribocytidylic acid (data not
shown). These data suggest that Hrs plays a crucial role
in the degradation of ubiquitinated proteins in neural
cells.

Expression Pattern of Glutamate Receptors,
PSD-95, and p62

Because Hrs binds to ubiquitinated receptors and
sorts them into lysosomes through multivesicular bod-
ies, we performed immunohistochemical analyses in
the hippocampus for NR1 and NR2B, the major subunits
of NR, and for GluR1, the major subunit of AMPAR. In
hrsloxP/loxP;SynI-cre mice, NR1-, NR2B-, and GluR1-posi-
tive aggregates were observed in the perikarya of CA3
pyramidal cells (Figure 9, A–L). We suspected that the
PSD-95 that is abundant in virtually all mature excitatory
glutaminergic synapses might also be involved in the
glutamate receptor accumulation. Previous studies indi-
cate that Hrs binds to PSD-95�32 and that PSD-95 con-
trols glutaminergic synapse function.33 Nevertheless,
PSD-95-positive aggregates were not detected in the
hrsloxP/loxP;SynI-cre mice (Figure 9, M–P). These data sug-
gest that Hrs affects the degradation of NR and AMPAR
without affecting PSD-95.

Because Hrs is involved in the autophagic path-
way,34 it was possible that insufficient autophagy-de-
pendent protein degradation was the reason for the
aggregation of ubiquitinated protein in the CA3 region.
We therefore examined the expression of two proteins:
LC3, a specific marker of autophagosomes, and p62,
which is regulated by autophagy and thus accumu-
lates when autophagy is insufficient.35 Although LC3-
positive vesicles could not be detected in either the
control or Hrs mutant mouse brain (data not shown),
aggregated p62 was clearly observed in the pyramidal
cell perikarya in the CA3 subfield of the Hrs mutant
(Figure 10, A–D). Consistent with data in Figure 7, sig-
nals detected by FK2, including mono-and polyubiquiti-
nated proteins, were also observed in hrsloxP/loxP;SynI-cre
mice. Notably, p62, GluR1, and NR2B were co-localized
with each other, as well as with the ubiquitinated proteins
(Figure 10, E–L).

Figure 7. Ubiquitin-positive inclusions in the hrsloxP/loxP;SynI-cre brain. Im-
munohistochemistry of hippocampal CA3 sections from hrs�/�;SynI-cre (A,
C, E, G, I, K) and hrsloxP/loxP;SynI-cre (B, D, F, H, J, L) mice at various weeks
of age, stained with an anti-ubiquitin antibody (1B3). A and B: Five weeks
old, low magnification. C and D: Two weeks old. E and F: Three weeks old.
G and H: Five weeks old. I and J: Eight weeks old. K and L: Sixteen weeks
old. Arrow indicates ubiquitin-positive cells. M: Nissl- or ubiquitin-positive
cells in the hippocampal CA3 subfield were counted in comparable areas for
hrs�/�;SynI-cre and hrsloxP/loxP;SynI-cre mice. Data represent the mean � SE
of three mice. Scale bars � 50 �m. Original magnifications: �100 (A, B);
�400 (C–L).
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Learning Ability and Locomotor Activity
Impairments in Hrs Mutant Mice

To investigate the effect of ubiquitinated protein accumu-
lation in neural cells, behavioral analyses were performed
with hrs�/�;SynI-cre and hrsloxP/loxP;SynI-cre mice. First, in
an open field test, there were significant differences in the
vertical (rearing) activity, but not in the horizontal activity,
between the two groups (Figure 11, A and B). These
results indicate that locomotor activity was impaired in
the hrsloxP/loxP;SynI-cre mice.

Next, because ubiquitinated proteins accumulated in
the hypothalamus of the hrsloxP/loxP;SynI-cre mice, we in-
vestigated the mental status of the two groups of mice by
the forced swimming test, which is used to evaluate
depression in rodents. In this test, a depressed state is
induced in mice by forcing them to swim in an aquarium
from which they cannot escape. The HrsloxP/loxP;SynI-cre
mice showed a significantly longer duration of immobility
(Figure 11C). To test whether hrsloxP/loxP;SynI-cre mice
had weaker muscles, we performed a wire-hanging test.
No significant difference was observed between the two
groups of mice in this test (Figure 11D). Footprint analysis
also showed no difference between the two groups (Fig-
ure 11E). Collectively, these results indicate that the
hrsloxP/loxP;SynI-cre mice were in a depressive state.

Finally, we tested whether the loss of hippocampal
CA3 neurons in the hrsloxP/loxP;SynI-cre mice affected their
learning ability. Mice were examined using a passive
avoidance task. Twenty-four hours after training, the la-
tency period for mice to enter the dark box was signifi-
cantly shorter for the hrsloxP/loxP;SynI-cre mice than for the
hrs�/�;SynI-cre mice (Figure 11F). This result is compat-
ible with the observation of hippocampal neuron loss in
the hrsloxP/loxP;SynI-cre mice.

Discussion

In the present study, we detected the obvious accumu-
lation of ubiquitinated proteins in 5-week-old hrsloxP/loxP;
SynI-cre brain, although neurodegeneration was not ap-
parent in the hippocampus until after 8 weeks,
suggesting that the aggregation of ubiquitinated proteins
precedes neurodegeneration in these mice. We also
found that ubiquitinated proteins in the cerebral cortex of
hrsloxP/loxP;SynI-cre mice increased with age, and that
their learning ability was impaired, in accordance with the
increase in ubiquitinated proteins. These findings reveal
the importance of understanding Hrs’ role in the mecha-
nism of neurodegenerative diseases because some

Figure 8. Ubiquitin-positive inclusions in the hrsloxP/loxP;SynI-cre brain. Im-
munohistochemistry of cerebral cortex (A–J), Purkinje cells (K, L), and
hypothalamus (M, N) sections from hrs�/�;SynI-cre (A, C, E, G, I, K, M) and
hrsloxP/loxP;SynI-cre (B, D, F, H, J, L, N) mice at various weeks of age, stained
with an anti-ubiquitin antibody (1B3). A and B: Two weeks old. C and D:
Three weeks old. E, F, K, and L: Five weeks old. G and H: Eight weeks old.
I, J, M, and N: Sixteen weeks old. Arrowheads indicate ubiquitin-positive
cells. O: Ubiquitin-positive cells in the cerebral cortex were counted in
comparable areas for each hrsloxP/loxP;SynI-cre mouse, and five fields were
counted in each area for each mouse. Data represent the mean � SE of three
mice. Scale bars � 100 �m. Original magnifications, �400.
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ubiquitin-positive inclusions, such as phosphorylated tau
and TDP-43, accumulate in the cerebral cortex, which
results in the progressive loss of cognitive ability.36 In this
study, we could not detect the expression of phosphor-
ylated tau in the cerebral cortex of hrsloxP/loxP;SynI-cre
mice using an anti-phosphorylated tau antibody (data not
shown). Further study is required to reveal the relation-
ship between the ESCRT proteins and neurodegenera-
tive disease.

In neurons, NMDA receptor proteins usually concen-
trate at the postsynaptic density (PSD), a specialized
apparatus beneath synapses that consists of receptors,
scaffolding molecules, and signal-transduction enzymes.
Synaptic transmission modulates the composition of the
PSD, in part by the activity-dependent ubiquitination and
degradation of PSD components.37 The Mdm2-mediated
ubiquitination of PSD-95 is critical for regulating the cell-
surface expression of AMPA receptors in synaptic plas-
ticity.38 The overexpression of Hrs blocks the postsynap-
tic targeting of PSD-95�, which instead accumulates on

large endosomal vesicles.32 In this study, we found AM-
PAR- and NMDAR-positive aggregates in the hippocam-
pus of hrsloxP/loxP;SynI-cre mice, although their expression
levels, except in the aggregates, were not significantly
different between the hrsloxP/loxP;SynI-cre and control
mice. These observations suggest that the loss of hip-
pocampal CA3 pyramidal neurons is not caused by ex-
citotoxicity, but by protein aggregate-induced cellular
toxicity. Generally, ESCRTs including Hrs were thought to
regulate an endosomal pathway, not a proteasomal path-
way.11 Thus, we conclude that the loss of Hrs impairs the
lysosome-dependent degradative pathway, thereby ad-
vancing the accumulation of ubiquitinated proteins, in-
cluding glutamate receptors, resulting in neurodegenera-
tion. However, we cannot exclude the possibility that we
failed to detect altered CA3 pyramidal neurons in the
hrsloxP/loxP;SynI-cre mice.

Endosomes are major targets of genetic and epige-
netic pathogenic factors in many neurodegenerative dis-
eases.39 In Huntington’s disease, the expansion of a

Figure 9. Immunohistochemistry of GluR1 (A--D), NR1 (E–H), NR2B (I–L), and PSD-95 (M–P) in the hippocampus CA3 subfield. Hippocampus sections from
hrs�/�;SynI-cre (A, C, E, G, I, K, M, O) and hrsloxP/loxP;SynI-cre (B, D, F, H, J, L, N, P) 5-week-old mice were stained with GluR1-, NR1-, NR2B-, and
PSD-95-specific antibodies. Arrows indicate protein aggregates. Insets show a higher magnification. Scale bars: 50 �m (A, C, E–H, I, K, M–P); 20 �m (B, D, J,
L). Original magnifications, �400.
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polyglutamate tract in huntingtin (Htt) causes neuronal
loss in the striatum and cortex.40 Mutant Htt is believed to
promote cell death in several ways that involve endo-
some dysfunction, and Htt normally associates with HIP1,
a protein that co-localizes on early endosomes with its
ligand Hrs.41 Recent studies indicate that ESCRTs not
only facilitate the trafficking of ubiquitylated proteins from
endosomes to lysosomes, but play a critical role in auto-
phagy; ESCRT III dysfunction causes autophagosome
accumulation and neurodegeneration because of an ab-
normal fusion process between autophagosomes and
endosomal compartments or lysosomes.17,42 Moreover,
autophagy is essential for the survival of neural cells, and
its impairment is implicated in the pathogenesis of neu-
rodegenerative disorders involving ubiquitin-containing
inclusion bodies.17,43,44 In hrsloxP/loxP;SynI-cre mice, we
found that ubiquitinated proteins accumulated in the hip-
pocampus, which is similar to the finding for autophagy-
deficient mice.43,44 In this context, we previously demon-

strated that Hrs plays a crucial role in autophagosome
maturation.34 Although we have not yet obtained direct
evidence for it, it appears that the autophagic pathway
is impaired in the hippocampal CA3 subfields of the
hrsloxP/loxP;SynI-cre mice, because p62, which is de-
graded by the autophagic pathway,44 was among the
accumulated proteins. Further study will be required to
elucidate the function of Hrs in autophagy by using
other organ-specific Cre transgenic mice.

It was striking that the loss of pyramidal neurons by Hrs
depletion occurred only in the hippocampal CA3 sub-
field. It was also interesting that NR accumulated only in
the CA3, and not in the CA1 subfield, even though NR1,
a common subunit of NR,45 is distributed in both CA1 and
CA3. We expect that one of the following ideas will ex-
plain this selective phenotype: First, the expression of hrs
is higher in the CA3 subfield than in CA1 (Figure 1, B and
C). Second, certain cargos that are critical for neural

Figure 10. Immunohistochemistry of p62, FK2, GluR1, and NR2B in the
hippocampus CA3 subfield. A–D: Aggregated p62 (red) and ubiquitinated
proteins (green) were observed in the hrsloxP/loxP;SynI-cre mice (C, D), but
not in the hrs�/�;SynI-cre mice (A, B). p62 was co-localized with ubiquiti-
nated proteins (yellow). E–L: GluR1 and NR2B were also co-localized with
p62 and FK2 in the hrsloxP/loxP;SynI-cre mice. Scale bars � 10 �m. Original
magnifications, �400.

Figure 11. Behavioral examinations. A and B: The open-field activity test.
Data are averages � standard errors (n � 10) for the total distance (A) and
vertical activity (B) of the hrs�/�;SynI-cre and hrsloxP/loxP;SynI-cre mice for 30
minutes. C: Increase of immobility time in the forced swimming test in the
hrsloxP/loxP;SynI-cre mice. Values are expressed as means � standard errors
(n � 10). D: Wire hanging test. Hrs�/�;SynI-cre and hrsloxP/loxP;SynI-cre mice
were tested (n � 10). E: Left, paw placement records of 12-week-old mice;
right, stride lengths corrected for paw base widths (stride/width ratio) of
hrsloxP/loxP;SynI-cre and hrs�/�;SynI-cre littermate mice. Values are ex-
pressed as means � standard errors of three mice. F: Loss of memory
function of the hrsloxP/loxP;SynI-cre mice in the step-through passive avoid-
ance test. Data represent means � standard errors of the step-through latency
period (n � 10). Statistical differences between groups were determined by
Student’s t-test. *P � 0.05.
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survival and sensitive to Hrs-dependent sorting and deg-
radation may be restricted to CA3. Further study will be
required to elucidate the reason for this specificity of
Hrs-dependent neurodegeneration.

In severely depressed patients, emotional arousal,
cognitive abnormality, and vulnerability to psychotic ep-
isodes are linked to hypothalamic-pituitary-adrenal axis
activity.46 Excessive stimulation of the axis is implicated
in depression, and hyperactivity of the hypothalamic-
pituitary-adrenal axis is observed in the majority of pa-
tients with depression.47 We found that hrsloxP/loxP;SynI-
cre mice showed more immobility than controls in a
forced swimming test, and that ubiquitinated proteins
accumulated in the hypothalamus of these mice, al-
though hypothalamic neurons were not lost. These ob-
servations suggest that ubiquitinated proteins in the neu-
ral cells of hrsloxP/loxP;SynI-cre mice might impair
hypothalamic function and the hypothalamic-pituitary-ad-
renal axis. We also found that the loss of Hrs markedly
impaired the retention of passive avoidance behavior 24
hours after the training trial. A previous study showed that
CA3 NMDAR function is absent during memory formation
in CA3-NR1 KO mice,48 which is similar to the phenotype
of Hrs mutant mice. Our data are compatible with this
study.

The present study indicates that Hrs plays a pivotal
role in the survival of neural cells through its involvement
in the degradation pathway for ubiquitinated proteins.
Although it is still unknown whether Hrs selectively rec-
ognizes harmful gene products associated with neurode-
generative disorders such as Huntington’s, Parkinson’s,
and Alzheimer’s disease, our Hrs mutant mice provide an
excellent animal model system for studying the molecular
mechanisms of neurodegenerative diseases.
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