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Abstract 
Many neurodegenerative diseases are characterized by deposits of ubiquitinated and aber-
rant proteins, suggesting a failure of the ubiquitin-proteasome system (UPS). The aberrant 
ubiquitin UBB+1 is one of the ubiquitinated proteins accumulating in tauopathies such as 
Alzheimer’s disease (AD) and polyglutamine diseases such as Huntington’s disease. We 
have generated UBB+1 transgenic mouse lines with post-natal neuronal expression of 
UBB+1, resulting in increased levels of ubiquitinated proteins in the cortex. Moreover, by 
proteomic analysis, we identified expression changes in proteins involved in energy me-
tabolism or organization of the cytoskeleton. These changes show a striking resemblance 
to the proteomic profiles of both AD brain and several AD mouse models. Moreover, 
UBB+1 transgenic mice show a deficit in contextual memory in both watermaze and fear 
conditioning paradigms. Although UBB+1 partially inhibits the UPS in the cortex, these 
mice do not have an overt neurological phenotype. These mouse models do not replicate 
the full spectrum of AD-related changes, yet provide a tool to understand how the UPS is 
involved in AD pathological changes and in memory formation. 

 

Introduction 

A balance between protein synthesis and ubiquitin-mediated proteasomal degradation 
contributes to normal neuronal function (Fonseca et al., 2006; van Tijn et al., 2008). 
Ubiquitin is tagged to proteins via its C-terminal glycine residue, after which the target 
protein is degraded by the proteasome (reviewed in (Pickart, 2001)). Aberrations of the 
ubiquitin-proteasome system (UPS) have been implicated in the pathogenesis of neurode-
generative diseases (reviewed in (Ciechanover and Brundin, 2003; de Vrij et al., 2004)). 
Ubiquitinated proteins accumulate in neurodegenerative disease hallmarks (Mori et al., 
1987) and an age- and disease-related decline of UPS activity has been reported (Keller et 
al., 2000; Keck et al., 2003; Bennett et al., 2007). Furthermore, it was reported that im-
pairment of the UPS can be mediated by protein aggregation (Bence et al., 2001; Bennett 
et al., 2005), oxidative stress or oxidized proteins (Okada et al., 1999; Hyun et al., 2002) 
and amyloid-beta (Aβ) (Gregori et al., 1995; Oh et al., 2005; Kristiansen et al., 2007), 
leading to e.g. accumulation of tau (Song et al., 2003; Oddo et al., 2004). 

We have reported on the occurrence of an aberrant ubiquitin B+1 (UBB+1) that selec-
tively accumulates in neurodegenerative diseases such as the tauopathies like Alzheimer’s 
disease (AD) and the polyglutamine disease Huntington’s disease (HD) (van Leeuwen et 
al., 1998; Fischer et al., 2003; De Pril et al., 2004). UBB+1 is translated from an aberrant 
mRNA that is present at low frequency both in the brains of control subjects as well as in 
patients with neurodegenerative diseases (Fischer et al., 2003; Gerez et al., 2005). UBB+1 
has lost the ability to ubiquitinate proteins (De Vrij et al., 2001), but is ubiquitinated itself 



68 

CHAPTER III 

and is both a substrate (Lindsten et al., 2002), and an inhibitor of the UPS (Lam et al., 
2000). High levels of prolonged UBB+1 expression with viral vectors eventually lead to 
apoptosis in neuroblastoma cell lines (De Vrij et al., 2001; De Pril et al., 2004). The dual 
substrate/inhibitor property of UBB+1 has provided us with a tool to chronically inhibit the 
activity of the UPS (Hol et al., 2005; van Tijn et al., 2007). 

We have generated several lines of transgenic mice expressing UBB+1 in neurons and 
analyzed these mice for gross neuropathology and changes in lifespan. We identified a 
reduction in proteasome activity in the brains of these mice. By two-dimensional (2D) gel 
electrophoresis followed by mass spectrometry we identified proteins that are mis -
regulated or proteins that are post-translationally modified as a result of the transgene ex-
pression and the subsequent chronic proteasome inhibition. Furthermore, we analyzed the 
impact of chronic proteasome inhibition on learning and memory, which is one of the sali-
ent features of AD. To our knowledge, no studies on chronic impairment of the in vivo 
proteasome and consequent proteomic changes have been published so far. Hence, this 
study gives the first insights into the consequences of long-term proteasome inhibition in a 
transgenic mouse model harbouring a mutation relevant to neurodegeneration, and reveals 
some of the pathways that are affected as a consequence. 

 

Materials and Methods 

Generation of transgenic mice 
Two different promoters were used to drive expression in transgenic mice: the murine Thy
-1.2 promoter (Caroni, 1997) and the murine CamKIIα promoter (Mayford et al., 1996). 
The UBB+1 cDNA, encoded by the first ubiquitin sequence and the C-terminus in the +1 
reading frame (van Leeuwen et al., 1998) was either cloned directly in the Thy-1.2 cas-
sette with XhoI, or with a flanking 5’ intron (Choi et al., 1991) and 3’ polyadenylation site 
(bovine growth hormone) in the CamkIIα cassette by NotI (Figure 1). Before injection, 
inserts were excised from the plasmid, purified from gel by electro-elution and ethanol 
precipitated. Constructs were injected into fertilized oocytes of FVB/N (line 8630) or 
C57Bl/6 (line 3413) mice. The lines were maintained on their respective genetic back-
ground by breeding hemizygous mice to wild-type mice. The founder of line 8630 was 
highly mosaic (1/104 F1 screened), F1 mice from line 3413 were generated by in vitro 
fertilization. From F2 onwards Mendelian ratios were observed in the offspring. Mice 
were kept in group housing on a 12/12 h light-dark cycle with food and water ad libitum 
in specific pathogen free conditions (Nicklas et al., 2002). Mice were genotyped on DNA 
isolated from ear-snips using the QIAamp DNA mini kit (Qiagen), primers are listed in 
Supplementary information. The copy-number of the transgene (3413: 13 copies, 8630: 2 
copies) was determined by Southern blotting and analysis on a Storm 860 phosphorimager 
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(Molecular Dynamics). All animal experiments were performed conforming to national 
animal welfare law and under guidance of the animal welfare committee of the Royal 
Netherlands Academy of Arts and Sciences. 

 

RNA isolation and qPCR 
Mice were euthanized by carbon dioxide asphyxiation, the brain was immediately dis-
sected and hemispheres were frozen in liquid nitrogen. RNA was isolated using Trizol 
(Invitrogen) and an Ultraturrax homogenizer and stored at -20°C. cDNA was synthesized 
from 2 μg of RNA using superscript II (Invitrogen). Real-time quantitative PCR was per-
formed with SYBR-green mastermix (Applied Biosystems) on an ABI5700 (Applied Bio-
systems) as described previously (Hope et al., 2003). Primers are listed in Table S3 in the 
Supplementary data file. The primer-set for the ubiquitin-B (UBB) target recognizes both 
the endogenous UBB mRNA and the transgene, the bovine growth hormone polyA set 
recognizes the CamKIIα transgene, three house-keeping genes were used as normalizers 
(EF1α, Ube2d2 and rS27a (Warrington et al., 2000; Lee et al., 2002)). Statistics was per-
formed with a Mann-Whitney U-test in SPSS 11 for Mac. 

 

Radioimmunoassay 
Mice were euthanized by carbon dioxide asphyxiation, after which the brain was immedi-
ately dissected and hemispheres were frozen in liquid nitrogen. A hemisphere was ho-
mogenized in suspension buffer: 100 mM NaCl, 50 mM Tris pH7.6, 1 mM EDTA pH8.0, 
0.1% Triton-X-100, 10 mM DTT and protease inhibitors (Complete, Roche), samples 
were stored at -80°C. Total protein concentration was determined by means of a Bradford 
assay (Bradford, 1976). UBB+1 protein levels were measured in a radioimmunoassay 
(RIA) as described previously (Hol et al., 2003) with Ubi3 peptide and Ubi3 antiserum 
(5/08/97, final dilution 1:24000) (De Vrij et al., 2001). 

 

Immunohistochemistry 
Animals were given deep pentobarbital anaesthesia (i.p.) and were perfused intra-cardially 
with phosphate-buffered saline (PBS) followed by PBS containing 4% (w/v) paraformal-
dehyde. Brains were cut either on a sectioning vibratome in 50 micron thick sections or 
after 30% sucrose protection on a cryostat in 10 micron sections. Sections were stained 
with anti UBB+1 (Ubi3 5/08/97, final dilution 1:1000) (Fischer et al., 2003), non neuronal 
enolase (6880-1004, Biotrend Chemikalien GmbH, Koln, Germany (1:250) (Day and 
Thompson, 1984)), a mouse monoclonal antibody against glutamine synthetase 
(MAB302, Chemicon, Temecula, CA, USA (1:250), a rabbit polyclonal raised against 
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bovine glial fibrillary acidic protein (GFAP) (DAKO, Carpinteria, CA, USA) for GFAP or 
a mouse monoclonal AT8 against hyper-phosphorylated tau. Primary antibodies were fol-
lowed by a peroxidase-anti-peroxidase sandwich (Sternberger et al., 1970) or followed by 
avidin-biotin-peroxidase and 3,3'-diaminobenzidine (DAB) color reaction intensified by 
0.2% nickel ammonium sulphate. The neuropathological Gallyas staining is described in 
(Braak et al., 2003). 

 

Measurement of proteasome activity 
Mice of line 3413 and 8630 (8 months old) were euthanized by carbon dioxide asphyxia-
tion, after which cerebral cortices were immediately dissected. Cortices were homoge-
nized at 4°C in 2 ml 50 mM Hepes-KOH pH7.5, 5 mM MgCl2, 2 mM ATP, 250 mM su-
crose using a Potter tube and centrifuged as described (Gaczynska et al., 1994). Samples 
were stored in 200 μl 50 mM Hepes-KOH pH7.5, 5 mM MgCl2, 2 mM ATP, 20% glyc-
erol at -80°C. Protein concentration was measured with a Bradford assay. Five μg of pro-
tein was added to 200 μl of 50 mM Hepes-KOH pH7.5, 50 μM Suc-LLVY-AMC 
(BIOMOL International LP, Exeter, UK) and incubated for 60 min at 37°C. The sample 
was diluted with water to 1 ml and cleavage of the fluorogenic peptide was measured in a 
LS50 luminescence spectrometer (PerkinElmer) with the following settings: excitation at 
380 nm with a 5 nm slit, emission at 440 nm with a 10 nm slit, integration over 4 s. 

 

Watermaze 
All mice were male and were housed solitary during the experiment. The experimenter 
was blind to the genotype of the mice. The maze consisted of a circular pool of 1.22 m in 
diameter filled with water at 26 ± 1°C, made opaque by addition of white non-toxic latex 
paint. Training commenced with a free-swim trial of 120 s on day 1. Hidden platform 
training was conducted for four consecutive days (4 trials per day, ~30 min intertrial inter-
val). Mice were allowed to search for a hidden circular platform (11 cm diameter) sub-
merged 0.5 cm under the water surface for 60 s. The platform location remained constant 
during the trials (NW), the inlet position was chosen pseudorandomly (N, E, S, W) every 
trial. When unable to find the hidden platform, mice were guided to the platform using a 
plastic scoop. Mice were allowed to remain on the platform for 20 s. Memory retention 
was tested three days after acquisition training in a 60 s probe trial, in which the sub-
merged platform was removed. Inlet position was chosen in the opposite quadrant of the 
former platform position. 

In the visual platform test, both the platform location and the inlet location were pseu-
dorandomised. Visual training consisted of three trials wherein the platform was elevated 
0.5 cm above the water surface and marked with a black and white striped pole and flag. 
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All trials were monitored by a camera, recorded and analyzed using a computerized track-
ing system (Ethovision, Noldus, The Netherlands). 

 

Fear conditioning 
All mice were male and housed solitary during the fear conditioning experiment. Condi-
tioning took place on day 1 in a conditionings chamber with transparent walls and a 
stainless-steel grid floor connected to a shock delivery module (Med Associates Inc., Ver-
mont), cleaned with a 70% ethanol solution for a distinctive odor. Following a 192 s base-
line period, mice received a 70 dB/8 kH tone (conditioned stimulus, CS) for 20 s coupled 
to a 1 mA scrambled footshock (unconditioned stimulus, US). The US was presented dur-
ing the last 2 s of the CS. This procedure was repeated three times with an interval of 64 s. 
After the last US the mice remained in the chamber for 64 s after which they were re-
turned to their home cage. Two separate groups of mice were trained and tested on day 2 
as well as day 8; one group for context-dependent conditioning and one group for novel 
context and tone-dependent conditioning. For context-dependent conditioning, the mice 
were placed into the conditionings chamber as used on day 1 (no CS or US) for 300 s. For 
novel context, mice were placed in a different chamber with non-transparent black walls 
and a solid plastic white floor, cleaned with a 2% acidic acid solution and an alternate 
position in the testing room compared to day 1. Following an initial 192 s period without 
cues (novel context), the CS was presented for 300 s (tone conditioning). Freezing per 2 s 
intervals was manually scored by two independent observers as a measure of fear and 
averaged per condition or over 32 s time bins for analysis. 

 

2D-gel electrophoresis 
After sedation of the mice with O2/CO2 , followed by decapitation, the cortex of the mice 
(for details on genotype and age, see Supplementary information) was dissected from the 
brain and immediately homogenized in lysis buffer (9 M urea, 3% CHAPS, 10 mM Tris, 
0.5% (32.5 mM) dithiothreitol (DTT), 0.5% immobilized pH gradient (IPG) buffer, non 
linear gradient of pH3-10 (Amersham Pharmacia Biotech, Piscataway, NJ, USA), 0.1% 
bromo-phenol-blue). The RC DC Protein Assay (Bio-Rad Laboratories, Hercules, CA, 
USA) was used to determine the protein concentration of the samples. For silver staining 
and for blotting, 250 μg protein was subjected to 2D gel electrophoresis. 350 μl of the 
protein samples (consisting of 250 μg protein) were loaded on 18 cm immobilized pH 
gradient gels (IPG strip, Immobiline DryStrip, pH range 3-10-non-linear, Amersham 
Pharmacia Biotech). Rehydration of the IPG strips was performed for 12 h at 30 V, after 
which proteins were focused overnight (65 kVh, 20ºC) using an IPG-Phor (Amersham 
Pharmacia Biotech). Prior to the second dimension, IPG strips were equilibrated in 1% 
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(65 mM) DTT, 50 mM Tris-Cl pH8.8, 6 M urea, 30% glycerol, 2% sodium dodecyl sul-
phate (SDS) for 15 min. followed by 2.5% (260 mM) iodoacetamide, 50 mM Tris-Cl 
pH8.8, 6 M urea, 30% glycerol, 2% SDS for 15 min. The SDS polyacrylamide gel electro-
phoresis as the second dimension separation was carried out using the Isodalt System 
(Amersham Pharmacia Biotech) in 1.5 mm 12% Laemmli gels (Duracryl, Genomic solu-
tions, Ann Arbor, MI, USA) and run for at least 16 h at 85 V at 16ºC. Immediately after 
electrophoresis, gels were fixed in 50% methanol, 5% acetic acid for 20 min and then 
stained with a silver staining procedure that is compatible with mass spectrometric analy-
sis (Shevchenko et al., 1996). Silver stained gels were scanned (GS-800 Calibrated Densi-
tometer, BioRad, Hemel, Hamstead, UK) and data were analyzed by PD-Quest software 
(Bio-Rad Laboratories). 

 

Immunoblotting 
For blotting of the proteins on nitrocellulose membranes, gels were first incubated in blot 
buffer (25 mM Tris, 192 mM glycine, 0.1% SDS, 15% methanol) for 15 min. Then the 
proteins were electroblotted to nitrocellulose membranes (pore size 0.45 μm) using the 
Isodalt System containing the blot buffer at 400 mA for 5 h. The membranes were incu-
bated after blotting in a mixture of two polyclonal antibodies against ubiquitin (#Z0458, 
DAKO, Glostrup, Denmark (1:300) and #U5379 Sigma, St. Louis, MO, USA (1:100)) or 
the monoclonal MCP 231 (Hendil et al., 1995) (PW8195, Affinity Research Products Ltd, 
Mamhead, Exeter, UK (1:2000)) against 20S proteasome subunits α1, 2, 3, 5, 6, 7. After over-
night incubation with the primary antibody at 4°C, the blots were washed with Tris-
buffered saline-Tween (65 mM Tris-HCl pH7.5, 150 mM NaCl, 0.05% Tween 20) and 
incubated with secondary rabbit or mouse polyclonal antibodies (DAKO (1:2000)) conju-
gated to horseradish peroxidase in Supermix (50 mM Tris, 150 mM NaCl, 0.25% gelatin 
and 0.5% Triton X-100, pH7.4). Labeled proteins were visualized using the enhanced 
chemiluminescence detection kit (Lumilight ECL, Roche Diagnostics, Mannheim, Ger-
many). All blots were treated equally, i.e. identical exposure, film development and fixa-
tion times. 

 

Protein identification by mass spectrometry 
Protein spots were manually excised from the gel, washed, dehydrated and in-gel digested 
by trypsin (at 10 μg/ml in 50 mM ammonium bicarbonate buffer, overnight at 37ºC) as 
described (Shevchenko et al., 1996), with some minor modifications. Tryptic peptides 
were extracted from the gel with 25 mM ammonium bicarbonate buffer followed by two 
extractions with two volumes of 1% formic acid, 50% acetonitrile. The three extraction 
volumes were combined in the same tube and lyophilized to about 30 μl. Protein spots 1 
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to 11 were analyzed by an electrospray (ESI) Q-TOF tandem mass spectrometer 
(Micromass Inc., Manchester, UK) as described previously (Nagle et al., 2001; Li et al., 
2004). In brief, the extract was loaded into a homemade poros microtip extraction column, 
and the bound tryptic peptides were eluted with 10 μl 50% acetonitrile, 5% formic acid. 
The eluent was loaded into a nano-electrospray capillary, which was pulled from borosili-
cate glass capillary GC 100F-10 with a microcapillary puller. The samples 12 to 16 were 
analyzed by an Applied Biosystems 4700 Proteomics Analyzer with TOF/TOF™ Optics 
as described by Li et al. (Li et al., 2004). In brief, 0.5 μl of the incubation buffer was pi-
petted to the MALDI plate and mixed with 1 μl of a-cyano-4-hydroxycinnamic acid, 
which was directly deposited onto the MALDI plate. The a-cyano-4-hydroxycinnamic 
acid matrix concentration was 5 mg/ml in 50% acetonitrile/50% water containing 0.1% 
trifluoroacetic acid. Mass spectra were searched against NCBI database using mascot soft-
ware from Matrix Science. 

 

Results 

Generation of UBB+1 transgenic mice 
We have generated two transgenic mouse lines expressing UBB+1 in the post-natal brain: 
line 3413 with expression driven by the CamKIIα promoter, and line 8630 by the Thy-1.2 
promoter (Figure 1). UBB+1 mRNA in these lines was expressed at 49% and 67% of en-
dogenous UBB mRNA levels in the 3413 and 8630 line respectively, UBB+1 protein levels 
reached approximately 1 μg/g and 1.5 μg/g total brain content respectively (Figure 1). 
These levels are several orders of magnitude lower than those reported for free Ub protein 

 
Figure 1     Transgene expression on mRNA and protein level. Two different constructs used to generate 
transgenic mice. The first non-coding exon in both Thy-1.2 and CamkIIα promoter constructs is derived 
from Thy-1.2 or CamkIIα respectively. UBB+1 mRNA expression in the brain of mice (n=4 per genotype) 
was determined by qPCR. Transgene expression was measured with primers recognizing both the trans-
gene and the endogenous UBB mRNA. Expression is relative to UBB levels of wild-type littermates 
(averages shown). UBB+1 protein expression in the brain of mice (n=4 per genotype) was measured with a 
radioimmunoassay, and is expressed at ng/g total protein content. 
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(1-2,5 mg/g) and total ubiquitin levels (approximately 10 mg/g) in cell lines (Takada et 
al., 1996; Ponelies et al., 2005). The differential expression of UBB+1 on mRNA and pro-
tein levels suggests that either translation of UBB+1 is sub-optimal, or more likely, that a 
significant fraction of UBB+1 protein is degraded through the UPS (Lindsten et al., 2002; 
Fischer et al., 2003). In line 3413, UBB+1 mRNA and protein are expressed at maximal 
levels from p22 onwards, with 50% levels at p11 and 20% levels at birth (Figure S3 in 
Supplementary material). In line 3413, the protein is expressed in neurons in the cortex, 
hippocampus, amygdala and striatum (Figure 2A and 2C), which is very similar to other 
mouse lines carrying a CamkIIα transgene (Mayford et al., 1996). In line 8630, the trans-
gene is expressed in neurons in the cortex and the hippocampus (Figure 2A), but also in 
motor neurons in the spinal cord (Figure 2B), similar to other Thy-1.2 transgenic mouse 
lines (Caroni, 1997; Feng et al., 2000). 

 

Lack of overt neuropathology and neurological phenotype 
The life-span of the transgenic mice from both lines was similar to that of their non-
transgenic littermates. We have analyzed the brains of mice from both lines at different 
ages (up to 21 months) for gross neuropathology by staining with antibodies against aber-
rant tau to detect tangles (Bi et al., 2001; Frasier et al., 2005), antibodies against GFAP to 
detect astrogliosis and by Gallyas silver staining to detect general pathology. We did not 
observe any neuropathology in these mice (Figure 3 and Figure S1 in Supplementary ma-
terial). When 8630 mice were cross-bread, homozygotes were born at the expected Men-
delian frequency, and had a life-span comparable to their non-transgenic and heterozygote 
littermates. No gross morphological changes were observed in the brains of the homozy-
gous 8630 mice (Figure S2 in Supplementary material). All subsequent experiments were 
performed with heterozygote UBB+1 transgenic mice. These data suggest that long-term 
neuronal UBB+1 expression does not compromise life-span in the mouse, nor does it cause 
overt pathology of the Alzheimer or Parkinson type. 

 

Inhibition of the proteasome in UBB+1 transgenic mice 
As we previously reported that UBB+1 inhibits the UPS in vitro, when expressed at high 
levels (Lindsten et al., 2002), we now investigated whether UPS activity was also de-
creased in UBB+1 transgenic mice. We measured a significant (p<0.05) reduction of chy-
motryptic activity in partially purified 26S proteasomes from UBB+1 transgenic mouse 
line 3413 cortex to 82% of wild-type levels (Figure 4). In line 8630, we observed a similar 
trend that failed to reach statistical significance (p>0.05). This activity was sensitive to 
epoxomicin, showing that the proteolytic activity we measured is indeed proteasome ac-
tivity (Meng et al., 1999). These data indicate that proteasome activity in the brain of 
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Figure 2     Transgene expression in the brains of 1-year-old male UBB+1 transgenic mice. A. Vibratome 
sections were stained with Ubi3 antibody against the unique C-terminus of UBB+1, coronal sections in the 
frontal area (AP +0.75 mm relative to bregma) and at the hippocampal formation (AP -1.6 mm) are 
shown, as well as a magnification of the hippocampus. Note the absence of expression in the dentate 
gyrus in line 8630. Line 3413 also shows expression in striatum and amygdala. B. UBB+1 expression in 
line 8630 in motor neurons of the brainstem and spinal cord (L4). Vibratome sections (brainstem) or cryo-
sections (spinal cord) were stained with Ubi3 antibody. C. Saggital section of the brain of a line 3413 
UBB+1 transgenic mouse. Note the strong staining in the striatum. 
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UBB+1 transgenic mice is significantly reduced. This decrease in proteasome activity is 
underestimated, since a total brain homogenate was prepared wherein only the neurons 
express UBB+1 and therefore only the neurons suffer from an impaired UPS. 

Such a reduction in proteasome activity is likely to lead to an increase in ubiquitinated 
proteins. Figure 5 shows two representative examples of 2D immunoblots of a UBB+1 
transgenic mouse of line 8630 (Figure 5A) and a control mouse (Figure 5B). The total 
level of ubiquitinated proteins is indeed increased in the cortex of UBB+1 transgenic mice 
compared with control mice. Similar results were obtained with 3413 transgenic mice 
(data not shown). This implies that UBB+1 is not only capable of inhibiting the UPS in 
vivo, but that UBB+1 expression also results in an apparent increase in ubiquitinated pro-
teins in the cortex of UBB+1 transgenic mice. 

 
Figure 3     Neuropathological staining in UBB+1 transgenic mouse line 8630. Brains (n=2) of 21 month 
old transgenic mice of line 8630 were analyzed for the presence of neuropathology. Neuropathological 
staining was employed with antibodies against hyperphosphorylated tau and GFAP or by Gallyas silver 
iodide staining. Counterstaining was performed with haematoxylin (not for Gallyas). The left-hand panels 
show a magnification of area CA1 of the transgenic mouse hippocampus. The right-hand panels show 
positive controls for each staining: the CA1-subicular region of an Alzheimer patient. Note the lack of 
neuropathology in the UBB+1 transgenic mouse brain. 
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Protein expression profile of α subunits of the proteasome  
To further address the role of UBB+1 in proteasome function, we used the monoclonal 
antibody MCP 231 (Hendil et al., 1995) against subunits α1, 2, 3, 5, 6 and α7 of the 20S pro-
teasome core on the same immunoblots as described for detection of ubiquitinated pro-
teins. This antibody recognizes six different subunits whose 2D pattern is already known 
(Hendil et al., 1995). Post-translational modifications of the proteasome subunits or a 
change in subunit expression could indicate that proteasome core is altered, and therefore 
is likely to have a direct effect on the function of the proteasome. However, we did not 
observe significant differences in protein expression patterns of these subunits between 
the cortex of UBB+1 transgenic mice (Figure 5G) and control mice (Figure 5H). This im-
plies that the decrease in proteasome activity and the increase in ubiquitinated proteins 
that we found in UBB+1 transgenic mice do not involve changes in expression or post-
translational modifications of the α1, 2, 3, 5, 6 and α7 20S subunits. 

 

 
Figure 4     Proteasome activity in cerebral cortex homogenates of line 3413 and line 8630. Chymotryptic 
activity was measured on 26S proteasomes prepared from the cortex of wild-type mice, or transgenic mice 
(n=7 per group). As a control for activity of the proteasome, the specific proteasome inhibitor epoxomicin 
(+epox) (Meng et al., 1999) was added to the reaction in a final concentration of 2 μM. The activity is 
plotted relative to wild-type, error bars indicate S.E.M. The asterisk denotes statistical significance 
(p=0.043). 
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Figure 5     Accumulation of ubiquitinated proteins in UBB+1 transgenic mice. 2D immunoblots of ubiq-
uitinated proteins and 20S α subunits in the cortex of UBB+1 transgenic and control mice (littermates). A 
and B are 2D immunoblot images of cortex proteins from a line 8630 transgenic (Supplementary Table S2 
#6) and a control mouse (Supplementary Table S2 #5) respectively, immunostained for ubiquitin. Panels 
C and D are magnifications of two areas in A that are immunopositive for ubiquitinated proteins, and E 
and F of the same areas in B (MDH: malate dehydrogenase; GAPDH: glyceraldehyde 3-phosphate dehy-
drogenase). Note that not only the amount of proteins positive for ubiquitin is higher in transgenic mice, 
but that also modifications of proteins can be observed as some spots show a pI shift (compare D and F). 
G and H are expanded 2D immunoblot images of cortex proteins from a transgenic (Supplementary Table 
S2 #8) and a control mice (Supplementary Table S2 #7) respectively, immunostained for the 20S α1, 2, 3, 5, 6 
and α7 subunits of the proteasome (indicated in G). No differences between a transgenic and a control 
mouse were observed in levels or possible modifications of 20S α subunits. Note that the α7 subunit is not 
detected with this antibody. 
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Figure 6     Comparative proteome analysis of the cortex of UBB+1 transgenic and control mice. Silver 
stained 2D gel images of mice cortex proteins. Upper image is from a UBB+1 transgenic line 8630 mouse 
(Supplementary Table S2 #6) and the gel on the bottom from a control littermate (Supplementary Table 
S2 #5). Indicated (by lines and numbers) are the proteins that are either differentially expressed or post-
translationally modified. 
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Protein expression profile of cortex of UBB+1 transgenic mice 
We reported earlier that expression of UBB+1 in neuroblastoma results in induction of heat 
shock proteins on mRNA and protein level (Hope et al., 2003). We examined the expres-
sion levels of hsp40, hsp70c, hsp90 and αβ-crystallin in the cortex of UBB+1 transgenic 
mice, but did not find a significant difference in expression between transgenic and wild-
type littermates (Figure S4 in Supplementary material). These data suggest that the acute 
response to proteasome inhibition is markedly different from that to prolonged low-level 
inhibition (Hope et al., 2003). Furthermore, this implies that in our model the proteasome 
is chronically inhibited without the a-specific massive cell death caused by the induction 
of a stress response. Therefore, this model faithfully mimics the gradual and chronic pro-
teasome inhibition in aging and neurodegenerative diseases. By identifying proteins that 
are differentially expressed in the cortex of UBB+1 transgenic mice we expected to pro-
vide insights in the pathways that are affected as a result of diminished proteasome activ-
ity. Cortex proteins of five UBB+1 transgenic mice and five control mice (see also Table 
S2 in Supplementary material) were individually separated by 2D gel electrophoresis (one 
gel per animal). Silver stained gels were analyzed for changes in expression and post-
translational modifications of proteins.  

We identified a total of 16 differentially expressed protein spots between UBB+1 trans-
genic mice (differentially expressed both in line 3413 and line 8630) and wild-type con-
trols, indicated by numbers 1 to 16 in Figure 6. Six spots (of which one spot was not sta-
tistically significant) differed by at least a factor of 1.5 in intensity and nine spots were 
post-translationally modified (Table 1 and Table S1 in Supplementary information). This 
modification could either be a shift towards the acidic or basic end of the gel (e.g. by (de)-
phosphorylation or oxidative modification) or ubiquitination of the protein. The latter was 
determined by immunoblotting with antibodies against ubiquitin (Figure 5). Three out of 
nine post-translationally modified protein spots showed a change in acidity, three spots 
were immunoreactive for ubiquitin and three spots revealed both a shift and ubiquitination 
(Table 1).  

 

Identification of differentially expressed proteins  
Table 1 lists the identity of 16 proteins that reproducibly were either up or down regulated 
by at least a factor of 1.5 or modified in the cerebral cortex of UBB+1 transgenic mice 
(observed in both lines 8630 and 3413). Detailed information on these proteins, including 
statiscal analysis can be found in the Supplementary data (Table S1 and Figure S5). Gene 
ontology showed that nine of the identified proteins were metabolic enzymes of which six 
are involved in energy metabolism. Furthermore, we identified four proteins that can be 
categorized as cytoskeletal proteins. Two remaining proteins we identified could not be 
assigned to any of the above categories (parvalbumin alpha and mu crystallin). Compari-
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son with published proteomic profiles of brains of several mouse models for AD (van 
Leuven, 2000) and of human AD brain tissue samples (Tsugita et al., 2000; Schonberger 
et al., 2001; Castegna et al., 2002; Castegna et al., 2002; Kim et al., 2002; Tilleman et al., 
2002; Tilleman et al., 2002; Tsuji et al., 2002; Castegna et al., 2003; Choi et al., 2004; 
Shin et al., 2004; Wang et al., 2005) showed that for 5 out of these 16 proteins, similar 
changes were observed in either human Alzheimer brain tissue or in one or more AD 
mouse models (Table 1). These findings suggest that the UBB+1 transgenic mouse models 
may replicate some of the endophenotypes of AD. 

 

Table 1     Identified proteins that are up or down regulated or post-translationally modified in the cortex 
of UBB+1 transgenic mice (both present in line 3413 and in line 8630). Spot numbers correspond to the 
numbers in Figure 6. Quantification of spots and statistical analyses was carried out using PD-Quest 
software. Significance of difference in abundance was determined by a paired Student’s t-test (p value) 
between three control mouse gels and three UBB+1 gels. Published proteomics data from AD brain, APP 
transgenic mouse model Tg2576 or other AD mouse models (tau, APOE, GSK-3β) is presented as a 
comparison with references. 

Spot Protein Name UBB+1 Tg AD Brain APP Tg Other AD Tgx 

Energy metabolism-related enzymes 
1 Alpha enolase modifieda modified/increased 

(Schonberger et al., 
2001; Castegna et al., 
2002; Castegna et al., 
2003; Sultana et al., 
2007) 

oxidized/
nitrated/
increased 
(Shin et al., 
2004) 

Increased 
(Tilleman et 
al., 2002) 

2 Malate 
dehydro-
genase, 
mitochondrial 

modified and 
ubiquitinatedb 

N/A decreased 
(Shin et al., 
2004) 

N/A 

3 Glyceralde-
hyde 3-
phosphate 
dehydrogenase 

modified and 
ubiquitinated 

increased 
(Schonberger et al., 
2001; Wang et al., 2005; 
Sultana et al., 2007) 

increased 
(Shin et al., 
2004) 

N/A 

4 Pyruvate 
dehydrogenase 
(Lipoamide) 
beta 

ubiquitinated N/A N/A N/A 

5 Dihydrolipoa
mide dehydro-
genase, 
mitochondrial 

increased 
(1.82-fold, 
p<0.05) 

N/A N/A increased 
(Tilleman et 
al., 2002) 

6 ATP synthase 
alpha chain, 
mitochondrial 

modified and 
ubiquitinated 

decreased 
(Tsuji et al., 2002) 

decreased 
(Shin et al., 
2004) 

increased 
(Tilleman et 
al., 2002) 
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Table 1     Identified proteins that are up or down regulated or post-translationally modified in the cortex 
of UBB+1 transgenic mice (continued). 

Spot Protein Name UBB+1 Tg AD Brain APP Tg Other AD Tgx 

Other metabolic enzymes 
7c Protein 

disulfide 
isomerase 

decreased N/A N/A oxidized 
(Choi et al., 
2004) 

8 Nucleoside-
diphosphate 
kinase B 

increased 
(1.54-fold, 
p<0.001)d 

decreased 
(Kim et al., 2002) 

N/A increased 
(Tilleman et 
al., 2002) 

9 Glutamine 
synthetase 

increased 
(2.00-fold, 
p<0.01) 

oxidized 
(Castegna et al., 2002) 

N/A increased 
(Tilleman et 
al., 2002) 

Cytoskeleton-related proteins 
10 Tubulin alpha-

1 chain 
ubiquitinated N/A N/A decreased 

(Tilleman et 
al., 2002) 

7c Tubulin alpha-
2 chain 

decreased N/A N/A decreased 
(Tilleman et 
al., 2002) 

11 Profilin II modified decreased 
(Schonberger et al., 2001) 

N/A N/A 

12 LIM and SH3 
protein 1 

modified N/A N/A increased 
(Tilleman et 
al., 2002) 

Signal transduction proteins 
13 Guanine nu-

cleotide-
binding pro-
tein beta sub-
unit 4 

ubiquitinated N/A N/A N/A 

14 Dihydro-
pyrimidinase 
related protein
-2 

decreased 
(2.17-fold, 
p=0.24) 

decreased/oxidized 
(Schonberger et al., 2001; 
Castegna et al., 2002; 
Tsuji et al., 2002) 

increased 
(Shin et al., 
2004) 

oxidized/
increased 
(Tilleman et 
al., 2002; Choi 
et al., 2004; 
David et al., 
2006) 

Others 
15 Parvalbumin 

alpha 
increased 
(3.51-fold, 
p=0.02) 

N/A N/A N/A 

16 Mu-crystallin 
homolog 

decreased 
(2.15-fold, 
p<0.05) 

N/A N/A N/A 

a a shift in pI (e.g. by (de-)phosphorylation) b increased in ubiquitination c two proteins were identified in 
one spot d n=6 
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High expression of UBB+1 affects spatial memory 
To investigate the behavioral effects of prolonged expression of UBB+1 in the brain, and 
the concomitant decrease in UPS activity, we measured acquisition of spatial learning and 
memory in a Morris watermaze in 9-month-old male UBB+1 transgenic mice. For this 
task, we selected line 3413, as the genetic background (C57Bl/6) is compatible with such 
experiments (Crawley et al., 1997; Silva et al., 1997). A visual platform task was per-
formed to identify possible sensory-motor deficits. Four out of thirteen 3413 transgenic 
mice and one out of fifteen wild-type mice were excluded from further analysis due to 
poor performance on this task. Both transgenic (n=9) and wild-type (n=14) mice displayed 
significant task acquisition over three consecutive visual trials (repeated measures 
ANOVA, effect of trial p=0.024) (Figure 7F). Furthermore, no significant differences 
were present between the two groups. 

During acquisition, mice were trained to find a hidden platform in the north-west 
(NW) quadrant of the maze and escape latencies were analyzed to assess acquisition of the 
task. Repeated measures ANOVA of the mean escape latencies over acquisition days 1-4 
revealed a significant effect of training day (p<0.001), indicating a general learning effect 
in both groups. However, there was no significant effect of genotype or interaction be-
tween day and genotype during acquisition (Figure 7A). A direct comparison of mean 
escape latencies per day also did not reveal significant differences between the 3413 trans-
genic and wild-type mice (Figure 7A). Similar results were obtained when the acquisition 
trials were analyzed separately (Figure 7B). We did observe a significant slight decrease 
in swimming speed in the 3413 transgenic group during the acquisition trials (p<0.001), 
but this difference was not significant during the probe trial (Figure 7C). 

Spatial reference memory was assessed in a 60 s probe trial one week after training 
commenced. Results revealed that the 3413 transgenic mice show significantly poorer 
performance than wild-type mice. The wild-type mice demonstrate a preference for the 
former hidden-platform quadrant NW (NW versus NE, SE, SW; ANOVA Bonferroni, 
p<0.02 or higher level of significance for each quadrant comparison), whereas this prefer-
ence was not present in 3413 transgenic mice (Figure 7D). Also the average distance to 
the former platform location was significantly decreased in the wild-type mice (39.3 ± 2.5 
cm) compared to the 3413 transgenic mice (49.2 ± 2.6 cm) (p=0.016; Figure 7E). 

To corroborate the results obtained in the Morris maze, we assessed memory retention 
in 9-month-old naive 3413 UBB+1 transgenic mice and wild-type littermates in a fear con-
ditioning paradigm. The mice were trained in a defined context with three mild foot-
shocks coupled to an auditory cue on day 1. The freezing response of the mice was used 
as an index for tone- or context-related fear conditioning and was scored on day 2 and day 
8. Baseline scores of freezing behavior were negligible in the 3413 transgenic as well as 
the wild-type mice (Figure 8A). When placed in a novel context 2 or 8 days after training, 
freezing behavior was significantly elevated compared to baseline in the 3413 transgenic 
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Figure 7     Impaired spatial reference memory in 3413 transgenic mice in the Morris watermaze. A. 
Performance on the acquisition phase of the watermaze task was measured by analyzing mean escape 
latencies (s) to find the hidden platform averaged per acquisition day of 3413 transgenic (tg) mice (n=9, 
open circles) and wild-type (wt) control mice (n=14, filled squares). A significant effect of day was pre-
sent (repeated measures ANOVA, p<0.001), although no significant effect of genotype or interaction 
between day and genotype could be observed. B. The mean escape latencies averaged per acquisition trial 
also showed a main effect of day (repeated measures ANOVA, p<0.001), with no effect of genotype or 
interaction between day and genotype. C. The average swimming speed (cm/s) displayed in the acquisi-
tion trials showed a significant difference between the 3413 transgenic and wild-type mice (Students t-
test, p<0.001). During the probe trial the average velocity of the two groups was similar. D. During the 60 
s probe trial of the hidden platform task, total time spent in each quadrant was compared as a measure of 
spatial reference memory. Wild-type mice showed acquisition of the former platform position in the NW 
quadrant (ANOVA, p<0.02), in contrast to the 3413 transgenic mice which showed no preference for the 
former platform quadrant. E. The average distance to the former platform position was increased in the 
3413 transgenic mice compared to the wild-type mice (Students t-test, p=0.016). F. Wild-type and 3413 
transgenic mice show a significant acquisition of the visual task, shown by decreasing escape latencies per 
trial (repeated measures ANOVA, trial effect p=0.024). There were no effects of genotype on the ability 
to find the visible platform. All data are presented as average ± S.E.M. 
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and wild-type mice (Figure 8A). During the tone-related conditioning, which is mainly 
amygdala-dependent (reviewed in (Maren, 2001)), a robust freezing response occurred up 
to ~80% of the time during the tone presentation. No significant differences were present 
between the two groups at day 2 or day 8 (Figure 8A). However, in the context-related 
conditioning, which is amygdala-dependent as well as hippocampus-dependent (Maren, 
2001), the 3413 transgenic mice showed a significantly decreased freezing response com-
pared to the wild-type mice on day 8 after training (p=0.044; Figure 8A). When the aver-
aged freezing results of the contextual test at day 8 were separated over 32 s time bins, it 
was evident that the 3413 transgenic mice performed more poorly than wild-type mice, 
reaching significance at time bins 3 and 4 (p=0.04, p=0.032; Figure 8B). These results 
show that 9-month-old 3413 transgenic mice, in addition to a deficit in spatial memory 
retention in the Morris maze, also show a deficit in context-dependent fear conditioning. 

 

 
Figure 8     3413 transgenic mice show an impaired contextual fear conditioning. A. Freezing behavior 
(% of time) was plotted as a measure of fear conditioning. There was no significant difference between 
3413 transgenic mice (n=4) and wild-type littermates (n=5) in the novel context and tone retention. In the 
context related conditioning, the 3413 transgenic mice (n=5) performed significantly poorer than the wild-
type mice (n=5) on day 8 (Student’s t-test, p=0.044). B. Freezing behavior of the 3413 transgenic mice 
(open circles) and the wild-type littermates (filled squares) was plotted for the context retention test on 
day 8. Freezing over the first 6 time bins of the task of 32 s per time bin showed a significantly higher 
freezing response in the wild-type mice over all 6 time bins, reaching significance at the 3rd and 4th time 
bin (p<0.05). All data represent average ± S.E.M. 
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Discussion 

Lack of overt neuropathology 
The aberrant ubiquitin UBB+1 has been first identified in AD (van Leeuwen et al., 1998). 
Subsequently, accumulation of this protein was shown in other tauopathies (Fischer et al., 
2003; van Leeuwen et al., 2006), HD (De Pril et al., 2004), alcoholic liver Mallory bodies 
(McPhaul et al., 2002) and inclusion body myositis (Fratta et al., 2004). We surmised that 
the disease-specific accumulation of UBB+1 was due to disease-specific inhibition of the 
UPS (Fischer et al., 2003). We have generated transgenic mice that postnatally express 
UBB+1 in neurons to mimic the expression of UBB+1 as found in neuropathology. Indeed, 
UBB+1 causes chronic inhibition of the proteasome, accompanied by increased levels of 
ubiquitinated proteins. Because the transgene is not targeted to glial cells and only a sub-
population of neurons expresses UBB+1, we suppose that we are underestimating the inhi-
bition of the UPS in neurons. 

Surprisingly, none of the UBB+1 transgenic mouse showed a reduced life-span or overt 
neuropathology (e.g. aberrant tau, Aβ, Lewy body pathology, reactive astrocytes). At two 
years of age, these mice still express UBB+1 in the same neuronal populations, and with-
out apparent cell loss (Figure S1 in Supplementary data). Thus, the neuronal UPS in the 
mouse is capable of maintaining cell survival under mutant ubiquitin load. This is some-
what unexpected, as we reported previously that high levels of UBB+1 lead to apoptosis 
(De Vrij et al., 2001; De Pril et al., 2004). However, in those experiments viral vectors 
were used to transduce neuroblastoma cells, resulting in very high expression levels. It is 
likely that lower expression levels in the transgenic mice allow long-term expression of 
UBB+1, without leading to a stress response and programmed cell death. Cell lines are also 
capable of survival under long-term low-level pharmacological proteasome inhibition 
(Ding et al., 2003). Small changes in proteasome activity can however be relevant to a 
neurodegenerative disease such as amyotrophic lateral sclerosis (ALS) (Puttaparthi et al., 
2003; Gilchrist et al., 2005). 

 

Mechanism of proteasome inhibition 
Several mechanisms may underlie a diminished activity of the proteasome, i.e. alterations 
in levels of free ubiquitin, proteasome subunits, post-translational modifications of protea-
some subunits (e.g. phosphorylation or oxidative modifications) or inhibition by damaged 
proteins (e.g. 4-hydroxynonenal bound proteins). It is unlikely that the expression of 
UBB+1 causes changes in the levels of free Ub in this mouse model, as we did not detect 
changes in mouse UBB mRNA expression (Figure S4 in Supplementary data). Further-
more, the levels of UBB+1 protein are several orders of magnitude lower than those re-
ported for free and total Ub (Takada et al., 1996; Ponelies et al., 2005), although mRNA 
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levels for the transgene are approximately half that of the mouse UBB mRNA. These 
findings suggest that the majority of UBB+1 protein in the transgenic mouse brain is de-
graded by the proteasome (Fischer et al., 2003), but that it causes a concomitant chronic 
inhibition of the proteasome (van Tijn et al., 2007). In the AD brain it was shown that a 
loss of proteasome activity was not associated with a decrease in proteasome subunit ex-
pression (Keller et al., 2000). UBB+1 expression also does not seem to alter the expression 
or relative levels of α subunits of the catalytic core of the 20S proteasome (Figure 5). This 
could imply that chronic impaired proteasome activity in UBB+1 transgenic mice occurs 
through a ‘direct’ inhibition of ubiquitinated UBB+1 on one or more of the proteasome 
subunits, thereby acting as an endogenous inhibitor without affecting the expression of the 
complex itself. This notion is further supported by the work of the group of Cecile Pickart, 
which showed in that ubiquitinated UBB+1 is particularly stable a cell free system and 
potently inhibits the degradation of a polyubiquitinated substrate by purified proteasomes 
(Lam et al., 2000), indicating that no transcriptional alterations are required for this block-
ade. The diminished proteasome activity in UBB+1 transgenic mice could for instance be 
explained by a steric interference to the pore or 19S cap of the complex by stable forms of 
ubiquitinated UBB+1. As UBB+1 over-expression results in an increase in ubiquitinated 
proteins (Figure 5), this aberrant ubiquitin protein most likely interferes with ubiquitin-
dependent proteasomal degradation. Considering the reported heterogeneity of protea-
some complex within a tissue (Dahlmann et al., 2000; Drews et al., 2007), inhibition of 
proteasomes by UBB+1 could affect only those proteasomes dedicated to ubiquitin-
dependent proteolysis, leaving other complexes unaffected. Indeed, a number of protea-
some substrates have been reported to be degraded in an ubiquitin-independent fashion 
(David et al., 2002; Grune et al., 2003; Shringarpure et al., 2003). The most notable of 
these, tau, indeed does not accumulate in our mouse model (Figure 3), whereas infusion of 
a 20S core proteasome inhibitor, epoxomicin in the mouse brain does result in tau accu-
mulation (Oddo et al., 2004). The different mechanisms of proteasome inhibition by 
chemical inhibitors compared by UBB+1 could explain the relatively mild phenotype of 
the mouse lines reported here. 

 

Proteomic profile upon chronic ubiquitin-proteasome system inhibition  
We furthermore investigated the implications of long-term proteasome inhibition by 
UBB+1 expression on the mouse cortex proteome. We examined the proteome profiles 
from pairs of transgenics and wild-type littermates over a range of ages (Table S2 in the 
Supplementary data), but found no age-specific changes and only genotype-specific 
changes. This is in line with a lack of change in UBB+1 expression in adult to old mice 
(see Figure S1 in the Supplementary data). Each of the changes reported in Table 1 was 
consistent between the two lines of UBB+1 transgenics (in both FVB/N or C57Bl/6 back-
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ground). 
We here found that the levels of cortical ubiquitinated proteins in these mice were in-

creased and that most of the identified proteins that were differentially expressed in 
UBB+1 transgenic mice activity were housekeeping proteins involved in energy metabo-
lism or organization of the cytoskeleton. A relatively high number of these proteins has 
also been identified in proteomic analyses of AD brain samples and in AD mouse models 
(Sultana et al., 2007). Please see the Supplementary data for an extended discussion of 
these proteins. From these results we conclude that many of the proteins listed in Table 1 
that are changed due to chronic impaired proteasome activity, are ubiquitously expressed 
throughout the brain and are implicated to have either significant metabolic functions or 
play a role in the organization of the cytoskeleton. 

 

Relevance to Alzheimer’s Disease  
Alzheimer’s disease is a multifactorial disease, and many different mouse models have 
been created to capture specific pathways leading to AD. Proteomic analyses of AD brain 
and brains of mouse models associated with AD, (i.e. the glycogen synthase kinase-3β 
(GSK3β) (Tilleman et al., 2002) and tau transgenic mouse (Tilleman et al., 2002), used to 
study pathogenic mechanisms of tauopathies, the Tg2576 mouse expressing the Swedish 
mutated form of human β-amyloid precursor protein (Shin et al., 2004) and the ApoE-
knockout mouse (Choi et al., 2004)), identified several differentially expressed proteins 
that were altered in UBB+1 transgenic mice as well (Table 1). Two of the five proteins we 
identified to be ubiquitinated in UBB+1 transgenic mice are indeed up-regulated in AD 
brain or in AD mouse models, supporting our hypothesis that a decline of proteasome 
function correlates with AD-related neuropathology (Fischer et al., 2003). Five out of 
eight proteins that changed in abundance in UBB+1 transgenic mice showed a similar 
change in either AD brain or AD mouse models. However, we identified some discrep-
ancy between the studies in AD brain and the β-amyloid or tau transgenic mice (Table 1), 
with effects on protein abundance in opposite directions. There was more concordance 
between the UBB+1 transgenic mouse changes and the other transgenic mouse changes 
than AD brain, suggesting that either the mouse brain responds differently to AD -
associated changes, or that the mouse models represent an earlier stage of disease (van 
Leuven, 2000), compared to the AD brain which is usually representative of the final 
stages of disease. 

The changes in proteomic profiles in AD brain, AD mouse models and our UBB+1 
transgenic mice, characterized by a chronic impaired proteasome activity, are consistent 
with an involvement of a reduced metabolism in the pathophysiology of AD (Swaab, 
1991; Salehi and Swaab, 1999). Furthermore, this study underlines the significance of the 
ubiquitin-proteasome system in neurodegenerative diseases, such as AD (Hol et al., 
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 2006). Interestingly, proteomic analysis of the parkin E3 ubiquitin ligase knock-out mice 
also showed alterations in a high proportion of proteins related to energy metabolism 
(Periquet et al., 2005). Significantly, three other studies that reported expression profile 
changes upon pharmacological proteasome inhibition in cell lines, did not identify any of 
the protein changes we identified (Jin et al., 2003; Ding et al., 2004; Doll et al., 2007). 
These data suggest that (1) neurons in the brain responds differently to proteasome inhibi-
tion compared to neuronal cell lines, or (2) that a long-term and chronic proteasome inhi-
bition leads to a normalization of the early heat shock response (Hope et al., 2003; Hope 
et al., 2004; Doll et al., 2007), or (3) that some of the proteomic changes we have ob-
served are indirectly caused by proteasome insufficiency, for instance by compensatory 
effects on autophagy (Komatsu et al., 2006). 

The principal hallmark of AD is cognitive decline, particularly hippocampus -
dependent memory, e.g. (Hsiao-Ashe, 2001). The precipitating event that leads to AD-
pathology is not known, and likely to be multifactorial (Bertram and Tanzi, 2005). How-
ever, increasing evidence suggests that Aβ is one of the main initiators of neuropathology 
and cognitive decline (Selkoe, 1991; Hardy and Selkoe, 2002). Early cognitive decline in 
AD, before the onset of neuropathology, has been suggested to be caused by Aβ oli-
gomers affecting synaptic transmission (Selkoe, 2002). As another consequence of Aβ 
accumulation, a decrease in activity of the UPS has been proposed (Gregori et al., 1997; 
Song et al., 2003; Oddo et al., 2004; Song and Jung, 2004; Oh et al., 2005; Almeida et al., 
2006), although the proteasome has also been reported to be involved in Aβ production 
(Christie et al., 1999). Significantly, a recent study showed that over-expression of the 
ubiquitin hydrolase UCH-L1 rescues Aβ-mediated synaptic dysfunction and contextual 
memory (Gong et al., 2006). We show in this paper that a decrease in UPS activity, with-
out Aβ pathology, also can cause cognitive decline. Line 3413 UBB+1 transgenic mice fail 
to remember the location of a hidden platform in the Morris watermaze, as well as the 
spatial context in a fear conditioning paradigm. These findings suggest that optimal activ-
ity of the UPS in forebrain neurons such as those of the hippocampus, is required for spa-
tial learning. A large body of data has shown that the formation and storage of long-term 
memories also require protein synthesis (Flexner  et al., 1963; Kelleher et al., 2004; 
Fonseca et al., 2006). However, in order to produce amnesic effects in rodents, levels of 
protein synthesis inhibition above 90% are required (Barondes and Cohen, 1967; Routten-
berg and Rekart, 2005). Apparently, a balance between protein synthesis and active pro-
tein degradation is essential for learning and memory (Fonseca et al., 2006) but the forma-
tion of new memories is much more sensitive to the inhibition of protein degradation than 
to the inhibition of protein synthesis. 
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Conclusions 
The mouse lines we have presented here can be considered as models to study a wide 
range of neurodegenerative diseases in which a chronic dysfunction of the UPS has been 
implicated in the pathogenesis. Crossing these mice with, for instance other AD mouse 
models (Wong et al., 2002) will allow us to investigate the role of inhibition of the UPS in 
different stages of the disease. Line 3413, which expresses UBB+1 in the striatum (Figure 
2) is highly suited for investigation of synergistic action with polyglutamine proteins (De 
Pril et al., 2004). The involvement of the UPS in ALS can also be studied, as line 8630 
expresses UBB+1 in motor neurons in the spinal cord (Figure 2B). The study of synergistic 
action of UBB+1 and other aberrant proteins may provide clues into the molecular pathol-
ogy of neurodegenerative diseases. We show in the present paper that cognitive deficits 
can be caused directly by partial and chronic inhibition of the UPS, at a stage before cellu-
lar demise. The proteomic profile of the brains of the UBB+1 transgenic mice show a par-
tial similarity to those of AD brain or of mouse models for AD, suggesting that a decline 
in UPS activity could underlie some of the pathology observed in neurodegenerative dis-
eases. 
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Figure S1     UBB+1 transgene expression in line 8630. Coronal vibratome sections of line 8630 trans-
genic mice were stained with Ubi3 antibody against UBB+1, or with the neuronal marker NeuN. The hip-
pocampal formation at AP-1.6 relative to bregma is shown of young (128 days) and old (512 days) male 
8630 heterozygous (+/-) transgenic mice. No increase in UBB+1 protein accumulation or massive neuronal 
loss is observed during aging. Wild-type (-/-) littermates do not show UBB+1 immunoreactivity, as ex-
pected. Scale bar: 0.5 mm. 
 

Supplementary Information 

Supplementary Figures 
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Figure S2     UBB+1 expression in homozygous line 8630 transgenic mice. Differences in UBB+1 expres-
sion levels or brain morphology between heterozygous (+/-) and homozygous (+/+) 8630 transgenic mice 
were not observed, exemplified here for middle-aged (345 days) male 8630 transgenic mice. Coronal 
vibratome sections of line 8630 transgenic mice were stained with Ubi3 antibody against UBB+1. Scale 
bar: 0.5 mm. 
 

 
Figure S3     UBB+1 mRNA and protein expression in line 3413 transgenic mice. UBB+1 mRNA and pro-
tein expression in line 3413 transgenic mice relative to the age of the mouse. mRNA levels were deter-
mined by RT-QPCR, protein levels were determined by radioimmunoassay. Expression level is relative to 
the maximal level of expression observed (%). 
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Figure S4     Gene expression analysis in UBB+1 transgenic mice. Gene expression analysis of four heat-
shock proteins and mouse UBB in UBB+1 transgenic mice. Total RNA was isolated from cortex of trans-
genic mice (n=3) of both line 3413, line 8630 and their respective non-transgenic littermates. RT-
quantitative PCR was performed to assess gene expression, normalizing for rS27a and EF1α (Table S3). 
Paired statistics did not show a significant effect of genotype (p>0.05). Data is plotted as ratio of trans-
genic over wild-type. 
 

 
Figure S5     Densitometric analysis. Densitometric analysis of the proteins that showed quantitative dif-
ferences between UBB+1 transgenics (n=3) and wild-type mice (n=3). Asterisks indicate significant 
changes (p<0.05, t-test). 1: Nucleoside-diphosphate kinase B, 2: Dihydropyrimidinase related protein-2, 3: 
Dihydrolipoamide dehydrogenase, 4: Glutamine synthetase, 5: Parvalbumin alpha, 6: Mu-crystallin ho-
molog. 
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Figure S6     Alpha-enolase expression in the mouse cortex of UBB+1 transgenic mice. α-enolase expres-
sion in the mouse cortex of UBB+1 transgenic mice and non-transgenic littermates. Immunohistochemical 
staining of brain sections of mice with an antibody against α-enolase. The top panel shows images of the 
cortex and the lower panel shows part of the hippocampus. All four animals show comparable distribution 
of α-enolase in areas studied. 
 

 
Figure S7     Malate dehydrogenase expression in the mouse cortex of UBB+1 transgenic mice. Malate 
dehydrogenase expression in the mouse cortex of UBB+1 transgenic mice and non-transgenic littermates. 
Immunohistochemical staining of brain sections of mice with an antibody against malate dehydrogenase, 
two magnifications are shown. 
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Figure S8     Glutamine synthetase expression in the mouse cortex of UBB+1 transgenic mice. Glutamine 
synthetase expression in the mouse cortex of UBB+1 transgenic mice and non-transgenic littermates (wild-
type). Two magnifications are shown. An increase in glutamine synthetase distribution can be observed in 
small neuron-like cells in the cortex of transgenic mice. 
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Supplementary Tables 

 
Table S1     Identified proteins that are up or down regulated or post-translationally modified in the cor-
tex of UBB+1 transgenic mice. Spot numbers correspond to the numbers in Figure 6. Peptide sequences 
sequenced and associated MASCOT scores are shown. Please note that some protein spots on 2D gels 
yielded several peptides. For each peptide sequenced, both the theoretical and experimental molecular 
weight are reported. Ms sc.; MASCOT score. 

no Protein Name SWISS 
PROT 

Th. 
MW 
(Da) 

Th. 
pI 

Th. 
MW 
pept. 

Exptl. 
MW 
pept. 

Peptide Sequence Ms
Sc. 

1 Alpha enolase P17182 47009 6.36 1405.71 1405.99 GNPTVEVDLYTAK 46 

2 Malate dehydro-
genase, mitochondrial 
[Precursor] 

P08249 35596 8.82 1792.08 1792.79 VAVLGASGGIGQPL
SLLLK 

72 

3 Glyceraldehyde 3-
phosphate dehydro-
genase 

P16858 35678 8.45 1368.74 1369.19 GAAQNIIPASGAAK 38 

4 Pyruvate dehydro-
genase (Lipoamide) 
beta 

Q9D051 38937 6.41 1263.62 1262.99 VTGADVPMPYAK 35 

5 Dihydrolipoamide 
dehydrogenase, mito-
chondrial [Precursor] 

O08749 54212 7.97         

6 ATP synthase alpha 
chain, mitochondrial 
[Precursor] 

Q03265 59752 9.22 1025.59 1026.19 AVDSLVPIGR 50 

6 ATP synthase alpha 
chain, mitochondrial 
[Precursor] 

Q03265 59752 9.22 1315.73 1314.59 TSIAIDTIINQK 58 

7 Protein disulfide 
isomerase [Precursor] 

P09103 57143 4.79         

7 Tubulin alpha-2 chain P05213 50165 4.94         

8 Nucleoside-
diphosphate kinase B 

Q01768 17363 6.97         

9 Glutamine synthetase P15105 42145 6.47         

10 Tubulin alpha-1 chain P02551 50135 4.94 1823.98 1823.79 VGINYQPPTVVPGG
DLAK 

35 

11 Profilin II Q9JJV2 14901 6.78 1353.69 1352.79 EGFFTNGLTLGAK 38 

11 Profilin II Q9JJV2 14901 6.78 1433.69 1433.99 SQGGEPTYVAVGR 58 
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Table S1     Identified proteins that are up or down regulated or post-translationally modified in the cor-
tex of UBB+1 transgenic mice (continued). 

no Protein Name SWISS 
PROT 

Th. 
MW 
(Da) 

Th. 
pI 

Th. 
MW 
pept. 

Exptl. 
MW 
pept. 

Peptide Sequence Ms
sc. 

12 LIM and SH3 protein 1 Q61792 29994 8.33 1417.72 1417.19 GFSVVADTPELQR 43 

13 Guanine nucleotide-
binding protein beta 
subunit 4 

P29387 37354 5.59         

14 Dihydropyrimidinase 
related protein-2 

O08553 62170 5.95         

15 Parvalbumin alpha P32848 11799 5.02 1379.68 1379.39 IGVEEFSTLVAES 14 

16 Mu-crystallin homolog O54983 33523 5.44 1078.54 1078.99 FASTVQGDVR 37 

16 Mu-crystallin homolog O54983 33523 5.44 931.53 930.59 TAAVSAIATK 38 

         

Table S2     Summary of UBB+1 transgenic mice and control mice used for proteomics 

no Line Background Transgene Promoter Sex (m/f) Age (days) 

1 3413 C57BL/6 - - f 145 

2 3413 C57BL/6 UBB+1 CamKIIα f 145 

3 3413 C57BL/6 - - m 153 

4 3413 C57BL/6 UBB+1 CamKIIα f 163 

5 8630 FVB/N - - f 138 

6 8630 FVB/N UBB+1 Thy-1.2 f 138 

7 8630 FVB/N - - f 205 

8 8630 FVB/N UBB+1 Thy-1.2 f 205 

9 8630 FVB/N - - f 526 

10 8630 FVB/N UBB+1 Thy-1.2 f 645 
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Supplementary Results 

Expression of α-enolase, malate dehydrogenase and glutamine synthetase in 
UBB+1 transgenic mouse brain 
The localization in the brain of three proteins identified by differential proteomics was 
verified by immunohistochemistry in order to validate the proteomics data. Antibodies 
against alpha enolase (#6880-1004, Biotrend Chemikalien GmbH, Koln, Germany; 
1:250), malate dehydrogenase (#200-601-145, Rockland Immunochemicals, Gilbertsville, 
PA, USA; 1:1000) and glutamine synthetase (#MAB302, Chemicon, Temecula, CA; 
1:250) were used on brain sections of transgenic and wild-type littermate mice. 

Figure S6 shows the distribution of α-enolase in neurons of the hippocampus (upper 
and lower panel) and the cortex (central panel) of UBB+1 transgenic and wild-type control 
mice from lines 3413 having a CamKIIα promoter and 8630 having a Thy1.2 promoter. 
The protein is localized in the cytoplasm of neurons in both hippocampus and cortex. We 
could not observe any obvious differences in amount or distribution of α-enolase between 
UBB+1 mice versus controls. This confirms our 2D data where we observed a basic shift 
of the protein and could not detect a significant difference in the amount of alpha enolase. 
Thus, the glycolytic enzyme alpha enolase is present at similar levels and distribution pat-
tern in neurons in cortex and hippocampus of both UBB+1 transgenic and control mice. 
However, from our 2D gel profile we can conclude that α-enolase has been post-
translationally modified in UBB+1 transgenic mice, which could have implications for its 
functioning. 

Table S3     PCR primers 

Target QPCR 
Efficiency Forward Primer Reverse Primer 

UBB 1.97 TACCGGCAAGACCATCACC GGATGCCTTCTTTATCCTGGAT 

BGH poly A 1.95 GCCTTCTAGTTGCCAGCCAT AGTGGGAGTGGCACCTTCC 

EF1α 1.99 CTGGATGCTCGCCATCAAA GGCGCTTTTCCTCTTGAAGAA 

Ube2d2 1.98 GAGCAGCATTTCACCAAAACC AACAGCAACCAACACCTTTGC 

rS27a 1.96 AAGGTGGATGAAAATGGCAAA CCATGAAAACTCCAGCACCA 

hsp40 1.67 GCCCTTGCTTGGGTGTAGTG TCACCCCTCCACGTACAGATC 

αβ-crystallin 1.85 TCGGAGAGCACCTGTTGGAG GAGGGTGGCCGAAGGTAGA 

hsp70c 1.87 TTGAATGCTGACCTGTTCCGT TGTGACTTGTCCAGCTTGGC 

hsp90 2.46 TGAGGAACTTGGTCATCTTGCA GTGTTCTGTGGATCTTCCAGACTG 
    

3413 genotyping GGTGAGTACTCCCTCTCAAAAGC CTGCAGTTGGACCTGGGAGTGGA 

8630 genotyping CTTAGGCAGTGTCACTCCCTAAG TCAGACGCAGGACCAGGTGCA 
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Malate dehydrogenase is expressed uniformly throughout the cortex, with high expres-
sion levels in neurons (Figure S7). Staining of malate dehydrogenase appeared to be re-
duced in the cortex of both line 3413 and line 8630 UBB+1 transgenic mice. On 2D-gels, 
we observed that this protein was ubiquitinated. It is not unlikely that the ubiquitination 
affects the conformation of the protein or accessibility of the antibody to its epitope, re-
sulting in an apparent decrease in staining. 

Glutamine synthetase, an enzyme involved in the glutamate-glutamine cycle, is under 
normal circumstances expressed in astrocytes. This is confirmed by immunohistochemical 
stainings of cortex and hippocampus of UBB+1 transgenic and control mice, where we 
found the enzyme to be mainly distributed in astrocytic cells (Figure S8). From the analy-
sis of silver stained gels (Figure 6 and Table 1 spot #9) it appears that the levels of gluta-
mine synthetase are increased in UBB+1 transgenic mice. This increase on 2D-gels is con-
firmed by an increase in immunoreactivity that we observed in certain cortical regions of 
UBB+1 transgenic mice (Figure S8). Here, the enzyme seemed to be also localized in 
small neuronal like cells (as compared to larger pyramidal cells). Unfortunately, we were 
not able to determine the developmental subtype of these cells in cortex of UBB+1 trans-
genic mice by immunohistochemistry, therefore, we cannot exclude that they might also 
be glial cells. 

 

Supplementary Discussion 
Table 1 in the main body of Chapter 3 and Table S1 summarize the 16 identified proteins 
that are either up or down regulated by at least a factor of 1.5 or modified in the cerebral 
cortex of UBB+1 transgenic mice. Spot #7 contained two proteins: protein disulfide isom-
erase (PDI) and tubulin alpha-2 chain. Since we could not distinguish between the two 
proteins in one spot, we did not indicate the fold of decrease in Table 1 (the total spot is 
decreased by a factor of 1.7). Spot #10 only gave one positive hit, but with an ion score of 
35, indicating identity or extensive homology (p<0.05) to tubulin alpha-1 chain. Spot #13 
had an ion score of 26, indicating a peptide with significant homology to guanine nucleo-
tide-binding protein beta subunit 4. We verified the expression of three of these proteins 
by immunocytochemistry in mouse brain (different individuals from the proteomics ex-
periments, but from the same age-groups), and showed a down-regulation of staining of 
malate dehydrogenase and an up-regulation of staining of glutamine synthetase in UBB+1 
transgenic mice of both line 3413 and line 8630 (Figures S6, S7 and S8 and Results in the 
Supplementary data). A number of these proteins have been reported previously as protea-
some substrates, although two (PDI, glutamine synthetase) of these may undergo ubiquitin
-independent proteolysis by the proteasome (Grune et al., 2003). 
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Energy / metabolism 
Nine of the identified proteins were metabolic enzymes of which six are involved in en-
ergy metabolism. These are α-enolase (glycolysis), malate dehydrogenase (tricarboxylic 
acid cycle), glyceraldehyde 3-phosphate dehydrogenase (glycolysis), pyruvate dehydro-
genase (lipoamide) beta (glycolysis, tricarboxylic acid cycle, glucose metabolism), ATP 
synthase alpha chain (ATP-proton interconversion) and dihydrolipoamide dehydrogenase 
(glycolysis). The latter also plays a role in electron transport, as does protein disulfide 
isomerase. PDI is an endoplasmic reticulum enzyme that catalyses the rearrangement of 
disulfide bonds in various proteins to form the native structures. Alterations in energy 
metabolism are also a known event in AD; a reduced glucose metabolism has previously 
been observed in AD brain (Messier and Gagnon, 1996; Mielke et al., 1996) and there are 
indications that alterations in glucose metabolism induce AD-like tau hyperphosphoryla-
tion (Planel et al., 2004). Glutamine synthetase, a metabolic enzyme also identified in AD 
brain and in the GSK3β transgenic mouse (Table 1), has been implicated in neurodegen-
eration in several studies. This astrocyte-specific enzyme catalyzes the amidation of gluta-
mate to form the non-neurotoxic amino acid glutamine. A decline in activity could there-
fore contribute to a reduced clearance of glutamate leading to glutamate excitotoxicity. It 
was shown in AD brain that glutamine synthetase activity was decreased relative to age-
matched control brain (Smith et al., 1991; Hensley et al., 1995). Impairment of its meta-
bolic functioning could be due to oxidative modification as was proposed by Castegna et 
al. (Castegna et al., 2002) and is also supported by studies suggesting a role for β-amyloid 
in the generation of free radical peptides, thereby inactivating the enzyme (Hensley et al., 
1994; Aksenov et al., 1997). Additionally, it was demonstrated in AD brain that there is a 
loss of glutamine synthetase from perisynaptic regions of the neuropil and from astrocytic 
endfeet, which could possibly potentiate glutamate excitotoxicity and ammonia neurotox-
icity (Robinson, 2000; Robinson, 2001). Interestingly, glutamine synthetase was found to 
be expressed by neurons in the Alzheimer brain (Robinson, 2000). Immunocytochmical 
staining showed that glutamine synthetase was up-regulated by neuron-like cells in the 
UBB+1 transgenic mouse cortex (Figure S8 in Supplementary data). Moreover, glutamine 
synthetase is up-regulated in GSK-3β transgenic mice (Tilleman et al., 2002). These data 
suggest that the up-regulation of glutamine synthetase expression could be a transient phe-
nomenon, that is lost in full-blown AD. We also identified the enzyme nucleoside-
diphosphate kinase (NDK) B to be increased in expression in UBB+1 transgenic mice cor-
tex. In brains of GSK3β transgenic mice and tau transgenic mice the isozyme NDK A was 
also up-regulated (Tilleman et al., 2002; Tilleman et al., 2002) (Table 1). NDK provides 
nucleoside triphosphates for cellular reactions like synthesis of nucleic acids, lipids, poly-
saccharides and proteins, G-protein-mediated signal transduction and microtubule polym-
erisation. Levels of NDK A were however significantly decreased in AD and Down syn-
drome, as well as the specific activity of the enzyme, suggesting that a decreased activity 
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are more indicative of a late stage of disease pathology (Kim et al., 2002). Additionally, it 
was proposed that oxidation of the enzyme could be the reason for this significant de-
crease of activity, as its activity was shown to be regulated by oxidative modifications 
(Song et al., 2000). Interestingly, recent data implicate mitochondrial trafficking in one of 
the down-stream effects of UBB+1 (Tan et al., 2007), suggesting a common denominator 
for the changes observed on metabolic proteins (Hoglinger et al., 2003). 
 

Cytoskeleton 
Furthermore, we identified changes in four proteins in UBB+1 transgenic mice cortex, 
which are involved in cytoskeletal function. The strong linkage of tau, a microtubule-
associated protein with AD and other neurodegenerative diseases provides additional 
weight to this category of proteins (Goedert et al., 1988; Hutton et al., 1998). These repre-
sent the alpha-1 and -2 chain of tubulin, the major constituent of microtubules and two 
actin binding proteins, profilin II which can affect the structure of the cytoskeleton and is 
also involved in signal transduction and LIM, and SH3 protein 1 which has a role in the 
regulation of dynamic actin-based cytoskeletal activities (Chew et al., 2000). Dihydro-
pyrimidinase related protein-2 (DRP-2) is also a protein that has an effect on the cy-
toskeleton. This signal transduction protein is involved in neurite outgrowth and axonal 
guidance (Hamajima et al., 1996; Quinn et al., 1999), it mediates growth cone collapse 
through a signalling cascade involving G-protein (Goshima et al., 1995) and it is sug-
gested to play a role in regulating the dynamics of microtubules (Gu and Ihara, 2000). 
Another signal transduction protein we identified is guanine nucleotide-binding protein 
beta subunit 4, a subunit of the heterotrimeric G-protein complex, which is involved in 
various trans-membrane signalling systems. Involvement of DRP-2 in AD comes from 
Yoshida et al. (Yoshida et al., 1998) who found in AD cortex the protein to be associated 
with neurofibrillary tangles consisting of paired helical filaments. They suggest that neu-
rons containing neurofibrillary tangles are depleted of cytoplasmic DRP-2 because of its 
entrapment by paired helical filaments. By others it was shown that this neurofibrillary 
tangle-associated DRP-2 is highly phosphorylated (Gu et al., 2000) and phosphorylation 
at these sites might play a role in regulation of its activity (i.e. neurite extension) and 
might therefore be involved in the formation of degenerating neurites. 
 

Others 
Two remaining proteins we identified could not be assigned to any of the above catego-
ries. These are parvalbumin alpha, a calcium ion binding protein and mu crystallin, a pro-
tein involved in sensory organ development (Mouse Genome Informatics, Gene Ontology 
Classifications). 




