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UBB+1 AND AMYLOID PATHOLOGY 

Abstract 
UBB+1, a mutant ubiquitin, accumulates in the neuropathological hallmarks of Alz-
heimer’s disease (AD) and is an inhibitor of the ubiquitin-proteasome system. A role for 
this system is implicated in the formation of amyloid-β, the main component of AD 
plaques. To investigate the effect of chronic proteasome inhibition on amyloid pathology, 
we crossed UBB+1 transgenic mice, showing modestly decreased proteasome activity, 
with a double transgenic AD line expressing mutant amyloid precursor protein (APPSwe) 
and presenilin 1 (PS1dE9). We determined plaque load as well as UBB+1 protein levels in 
3, 6, 9 and 11 months-old mice. Unexpectedly, we found decreased amyloid-β deposition 
in APPPS1xUBB+1 triple transgenic mice compared to APPPS1 mice at 6 months of age, 
without alterations in UBB+1 protein levels or in the age of onset of pathology. These re-
sults suggest a protective effect of modest proteasome inhibition on the pathogenesis of 
AD. 

 

Introduction 
One of the main neuropathological characteristics of Alzheimer’s disease (AD) is the 
deposition of amyloid-β (Aβ) in extracellular plaques. The Aβ peptide is generated via β- 
and γ-secretase mediated proteolytic cleavage of the amyloid precursor protein (APP) 
(Selkoe, 2001). According to the “amyloid hypothesis”, accumulation of Aβ, especially 
the aggregate-prone Aβ42, is the primary event in AD pathogenesis (Hardy and Selkoe, 
2002). Increasing evidence implicates that impairment of the ubiquitin-proteasome system 
(UPS), the main intracellular regulated proteolytic pathway, plays a role in the pathogene-
sis of AD (Ciechanover and Brundin, 2003). Proteasome activity and ubiquitination en-
zymes are decreased in AD brain (Keller et al., 2000; Lopez Salon et al., 2000) and Aβ 
can inhibit UPS activity in vitro and in vivo (Gregori et al., 1995; Oh et al., 2005). Protea-
some inhibition also affects APP processing, variably resulting in increased (e.g. (Nunan 
et al., 2001; Flood et al., 2005)) or decreased Aβ production (Christie et al., 1999; 
Kienlen-Campard et al., 2006). 

The mutant ubiquitin UBB+1 accumulates in the neuropathological hallmarks of spo-
radic AD as well as early-onset familial AD (van Leeuwen et al., 1998; van Leeuwen et 
al., 2006). Normally, UBB+1 is ubiquitinated and directed to the proteasome for prote-
olytic degradation (Lindsten et al., 2002), therefore disease-related accumulation of 
UBB+1 protein serves as an endogenous marker for proteasomal dysfunction (Fischer et 
al., 2003). UBB+1 also acts as UPS inhibitor when expressed at high concentrations 
(Lindsten et al., 2002; van Tijn et al., 2007). Indeed, in the recently described UBB+1 
transgenic line 3413, chymotryptic proteasome activity in the cerebral cortex is decreased 
to at least ~80% of normal levels, accompanied by accumulation of ubiquitinated proteins 
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and decreased context-dependent memory (Chapter 3). 
In the present study we analyzed the effect of this life-long moderate proteasome inhi-

bition on Aβ deposition to further elucidate the contribution of UPS inhibition to AD 
pathogenesis in vivo. We therefore crossed an AD transgenic line co-expressing familial 
AD-linked APP (APPSwedish) and presenilin 1 (PSEN1dE9) (hereafter referred to as line 
APPPS1), showing increased Aβ42 production accompanied by dense-core plaque pathol-
ogy in the brain (Jankowsky et al., 2004), with the UBB+1 transgenic line 3413. By ana-
lyzing plaque burden and UBB+1 levels in APPPS1/UBB+1 triple transgenic mice during 
aging, we aimed to dissect the effects of low-level UPS inhibition on Aβ accumulation as 
well as the effects of Aβ deposition on UBB+1 accumulation in vivo. 

 

Methods 

Transgenic mice 
In the present study, we used the UBB+1 transgenic mouse line 3413 (Chapter 3), neuron-
ally expressing human UBB+1 cDNA under control of the murine CamKIIα promoter. The 
double APPSwe/PS1dE9 transgenic line 85 (Jankowsky et al., 2004), backcrossed to C57/
Bl6 for at least seven generations, co-expresses chimeric mouse/human APP695 with the 
Swedish mutation (K594M/N595L) and human PS1dE9 under control of independent 
mouse prion protein promoters. 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. 

 

Immunohistochemistry 
Mice were intracardially perfused with phosphate-buffered saline containing 4% parafor-
maldehyde. The left hemisphere was sectioned in 50 μm coronal sections using a Vibra-
tome (Leica VT1000S). Every tenth section was stained overnight with rabbit polyclonal 
anti-UBB+1 antibody (Ubi3, 1:1,000 (Fischer et al., 2003)), as described previously 
(Chapter 3). An additional series of every tenth section was stained with mouse mono-
clonal anti-Aβ antibody 6E10 (1:16,000; Signet 9300-02, Dedham MA). 

 

Image analysis 
Photographs were made using a Zeiss Axioskop microscope connected to a Sony XC-
77CE b/w CCD camera. Three sections per hemisphere were analyzed, positioned at AP -
1.22, -1.82 and -2.30/2.46 relative to bregma (Paxinos and Franklin, 2001). In these sec-
tions, cortex, hippocampus and dentate gyrus were outlined by hand and analyzed with 
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Image-Pro Plus software (version 5.1, MediaCybernetics). An example of area outlines 
and plaque determination is given in Supplementary fig. 3. UBB+1 levels were determined 
by measuring integrated optical densities per outlined brain area in the consecutive sec-
tions. Differences between groups were analyzed with non-parametric Kruskal-Wallis 
followed by Mann-Whitney, results were considered significant when p<0.05. Statistical 
analysis was performed using SPSS for Windows (version 12.0.1). 

For detailed information on transgenic lines, experimental design, immunohistochem-
istry and image analysis, please refer to the Supplementary information. 

 

Results 

UBB+1 induced proteasome inhibition decreases Aβ plaque load 
To investigate the effects of chronic low-level proteasome inhibition on the age of onset 
and severity of Aβ pathology, we measured the Aβ plaque load in APPPS1 transgenic 

 
Figure 1     Aβ deposition in amyloid plaques in APPPS1 transgenic mice. Increasing amyloid deposition 
during aging in the cortex and hippocampus of APPPS1 (A-D) and APPPS1/UBB+1 (E-H) transgenic 
mice. The spatial distribution of the Aβ pathology is similar between the two groups. Representative low-
magnification photographs of 50 μm coronal vibratome sections of 3, 6, 9, and 11-month-old mice, 
stained with monoclonal anti-amyloid 6E10 antibody, scale bar = 1 mm. 
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mice and in triple transgenic APPPS1/UBB+1 mice at 3, 6, 9 and 11 months of age. Aβ 
plaques were quantified in the cortex, hippocampus and dentate gyrus using the 6E10 anti-
body reactive to human Aβ amino acids 1-16. In these mice, plaques could also be visual-
ized using the Aβ antibodies 4G8 (Aβ 17-24) and 6F/3D (Aβ 8-17) or Congo Red and 
thioflavin-S (not shown). At the age of 3 months, APPPS1 and APPPS1/UBB+1 transgenic 
mice showed few small-sized amyloid plaques, located mainly in the cortex (Supple-
mentary fig. 1). From 6 months onward, plaque load increased in both APPPS1 and 

 
Figure 2     Proteasome inhibition decreases Aβ plaque load. Aβ plaque load in wild-type (WT), UBB+1, 
APPPS1 (AD) and APPPS1/UBB+1 (AD/UBB+1) mice at the age of 3, 6, 9 and 11 months. Plaque load 
was determined by measuring the percentage covered by amyloid plaques in the sampled area of the cor-
tex (A), hippocampus (B) and dentate gyrus (C). At 6 months of age, the triple transgenic APPPS1/UBB+1 
mice show a significantly decreased plaque load in the cortex and dentate gyrus compared to APPPS1 
double transgenic mice. Individual cases are plotted, median values per group are indicated by horizontal 
bars,* p< 0.05. 
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APPPS1/UBB+1 mice during aging (fig. 1). We previously reported that UBB+1 transgenic 
mice do not show overt neuropathology (Chapter 3). Indeed, we did not detect Aβ pathol-
ogy in the UBB+1 transgenic mice or wild-type control mice at any age (not shown). 

Both APPPS1 and APPPS1/UBB+1 mice show an increased plaque load during aging 
(figs. 1, 2). However, at the age of 6 months, the plaque covered area in the cortex and 
dentate gyrus was significantly decreased in APPPS1/UBB+1 transgenic mice compared to 
APPPS1 mice (p=0.03 and p=0.017 respectively, fig. 2A, 2C). Also at the age of 9 and 11 
months, the plaque load was decreased in APPPS1/UBB+1 transgenic mice compared to 
APPPS1 mice, however at these ages this effect did not reach statistical significance (fig. 
2). The decreased Aβ plaque load in 6-months old APPPS1/UBB+1 mice was not caused 
by alterations in the volume of the sampled brain areas, which did not differ between wild
-type, UBB+1, APPPS1 or APPPS1/UBB+1 mice at this age (Supplementary fig. 2). Also at 
9 and 11 months of age, minor variations in the volume of the sampled brain regions 
could not account for the lower Aβ accumulation in the APPPS1/UBB+1 mice 
(Supplementary fig. 2). These results indicate that inhibition of the UPS decreases the 
deposition of Aβ in amyloid plaques in vivo at the age of 6 months . 

 

Amyloid deposition does not affect proteolytic turnover of UBB+1 
Aβ has been reported to decrease proteasome function in a APPSwe transgenic mouse 
model of AD (Oh et al., 2005; Almeida et al., 2006). We investigated if Aβ accumulation 

 
Figure 3     Aβ accumulation does not induce UBB+1 accumulation. UBB+1 levels were measured in the 
cortex (A) and hippocampus (B) of wild-type (WT), UBB+1, APPPS1 (AD) and APPPS1/UBB+1 (AD/
UBB+1) mice at 3, 6, 9 and 11months of age. UBB+1 protein levels were determined by measuring the 
integrated optical density (IOD) per sampled brain area. No significant differences were present at any 
age. Individual cases are plotted, median values per group are indicated by horizontal bars. 
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also affected UPS function in APPPS1/UBB+1 transgenic mice. As UBB+1 is a substrate 
for proteasomal degradation, proteasome inhibition would lead to increased levels of 
UBB+1. We determined UBB+1 levels in the same APPPS1/UBB+1 mice used for the 
plaque load measurements, and compared these levels to UBB+1 levels in single UBB+1 
transgenic mice. We previously reported that UBB+1 protein is maximally expressed in 
from postnatal day 22 onwards (Chapter 3). Indeed, the UBB+1 levels in the cortex and 
hippocampus remained constant up to 11 months of age (fig. 3). APPPS1 and wild-type 
mice did not express UBB+1 at any age, as expected (fig. 3). Furthermore, we did not ob-
serve any significant differences in the levels of UBB+1 expression between UBB+1 and 
APPPS1/UBB+1 transgenic mice at any age examined (fig. 3). These results show that in 
APPPS1/UBB+1 triple transgenic mice, Aβ accumulation does not induce additional accu-
mulation of UBB+1, suggesting that Aβ deposition does not lead to further proteasome 
inhibition in these mice. 

 

Discussion 
In the present study, we demonstrate a protective role for decreased proteasome activity in 
AD pathogenesis in vivo. Aβ deposition was significantly decreased in APPPS1/UBB+1 
triple transgenic mice compared to APPPS1 mice, indicating that chronic proteasome inhi-
bition, induced by UBB+1 expression, reduces amyloid pathology. The age of onset of 
amyloid pathology was unaffected, as Aβ plaques were detected at 3 months of age in 
both APPPS1 and APPPS1/UBB+1 transgenic mice. Using different staining methods, 
others reported detection of plaques in APPPS1 mice at 4 (Garcia-Alloza et al., 2006) or 6 
months of age (Jankowsky et al., 2004). In concordance with these two studies, the cere-
bral cortex and hippocampus were the main brain regions affected by Aβ deposition. 

The precise mechanism by which proteasome inhibition may decrease plaque load 
remains unclear, as APP processing as well as the clearance of Aβ peptides could be af-
fected. Neuronal β-secretase cleavage of APP, giving rise to the 99-amino acid C-terminal 
fragment (βCTF), is predominantly performed by BACE1 (Cai et al., 2001). βCTF is sub-
sequently cleaved by γ-secretase to generate Aβ40-42/43. BACE is ubiquitinated and de-
graded by the proteasome (Qing et al., 2004), although conflicting results show that 
BACE is not a proteasome substrate (Kienlen-Campard et al., 2006), but rather degraded 
by the lysosomal pathway (Koh et al., 2005). Nonetheless, neuronal proteasome inhibition 
significantly decreases β-secretase activity, accompanied by reduced levels of the β-
secretase cleavage products βCTF and Aβ. Possibly, decreased βCTF substrate availabil-
ity for γ-secretase accounts for the lower Aβ production (Kienlen-Campard et al., 2006). 
Administration of BACE1 inhibitor reduces Aβ production in APPSwexPS1M146V trans-
genic mice (Hussain et al., 2007) and BACE1 knockout prevents amyloid pathology in 
several AD transgenic models (e.g. (McConlogue et al., 2007)), indicating that β-secretase 
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cleavage is the rate-limiting step for Aβ formation in vivo. In APPPS1/UBB+1 transgenic 
mice, the decreased Aβ deposition could thus be attributable to a initial decrease in β-
secretase activity, due to neuronal proteasome inhibition induced by UBB+1 expression. 

Neuronal Aβ production increases following UPS inhibition when Aβ is derived from 
recombinantly expressed β-secretase fragment C99 (Skovronsky et al., 2000; Nunan et al., 
2001; Flood et al., 2005; Kienlen-Campard et al., 2006). The seemingly conflicting results 
we obtained in our study might be attributed to the differential effect of UPS inhibition on 
the processing of C99 or full-length APP. As C99 is a proteasome substrate, the increase 
in Aβ following UPS inhibition is likely caused indirectly by an increased availability of 
C99 for γ-secretase cleavage (Flood et al., 2005). However, βCTF produced from full-
length APP is not a substrate for proteasomal degradation (Kienlen-Campard et al., 2006). 
In addition, β-secretase cleavage, which is affected by proteasome inhibition, is not re-
quired to generate Aβ from C99. Decreased proteasome activity could also conceivably 
lead to increased γ-secretase levels, as the essential γ-secretase complex components are 
degraded by the UPS (Kim et al., 1997; Fraser et al., 1998; Bergman et al., 2004; He et 
al., 2006; He et al., 2007). However, neuronal γ-secretase activity, acting downstream of β
-secretase cleavage, is not regulated by the UPS (Kienlen-Campard et al., 2006). Also, in 
APPPS1 transgenic mice, γ-secretase activity is most likely not rate-limiting as PSEN1 is 
overexpressed and the APPSwe mutation leads to potentiation of β-secretase cleavage. 
Recently it was shown that intraventricular proteasome inhibitor infusion increased intra-
neuronal Aβ levels in 3xTg-AD mice (Tseng et al., 2007), the effect of this acute high-
level UPS inhibition on amyloid plaque deposition was however not studied. 

Aβ is reported to reduce chymotryptic proteasome activity in vitro (Gregori et al., 
1995) and in neuronal cells (Lopez Salon et al., 2003). In neuroblastoma cells, Aβ in-
duced UPS inhibition and Aβ toxicity are mediated by the ubiquitin-conjugating enzyme 
E2-25K (Song et al., 2003). Proteasome activity is decreased in APPSwe transgenic mice 
(Oh et al., 2005; Almeida et al., 2006) and intraneuronal soluble Aβ oligomers decrease 
UPS activity in 3xTg-AD transgenic mice (Tseng et al., 2007). Therefore, we expected a 
further reduction in proteasome activity in APPPS1/UBB+1 mice compared to single 
UBB+1 transgenic mice. As UBB+1 is a substrate for proteasomal degradation (Lindsten et 
al., 2002), we measured UBB+1 levels as reporter for UPS activity. However, we did not 
observe significant differences in levels of UBB+1, indicating that Aβ did not affect the 
proteolytic turnover of UBB+1. It is conceivable that subtle decreases in UPS activity in-
duced by Aβ are not directly reflected in the UBB+1 levels or that the already present mod-
est UPS inhibition in transgenic line 3413 masks any additional effects of Aβ on UPS 
function. Therefore, we cannot discard the possibility that Aβ accumulation decreases 
UPS activity in these mice. 

Concluding, our results show that neuronal inhibition of the proteasome decreases 
accumulation of Aβ in amyloid plaques in vivo at 6 months of age. Further research is 
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necessary to investigate the precise mechanism by which UPS inhibition decreases plaque 
burden in these mice. It is conceivable that UBB+1 induced proteasome inhibition de-
creases β-secretase activity, thereby reducing Aβ formation. Insight in this mechanism can 
contribute to understanding the role of the UPS in the pathogenesis of AD. 
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Supplementary Information 

Supplementary Methods 

Transgenic mice 
In this study, we used the UBB+1 transgenic mouse line 3413 (Chapter 3), neuronally ex-
pressing human UBB+1 cDNA under control of the murine CamKIIα promoter on a C57/
Bl6 background. The double APPSwe/PS1dE9 transgenic line 85, previously described by 
(Jankowsky et al., 2004), carries a co-integrate of 1) chimeric mouse/human APP695 car-
rying the Swedish mutation (K594M/N595L) and 2) human PS1 with deletion of exon 9 
(Jankowsky et al, 2001), each under control of a mouse prion protein promoter. Line 85 
was backcrossed to C57/Bl6 for at least seven generations. Subsequently heterozygous 
line 85 transgenic mice were crossed to heterozygous line 3413 mice to generate triple 
transgenic APPSwe/PS1dE9/UBB+1 transgenic mice, the APPSwe/PS1dE9, UBB+1 and 
wildtype littermates were used as controls. 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). 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. 
 

Experimental design 
Four age groups of transgenic and control mice were compared. For detailed information 
on number of subjects per group, sex and bodyweight see Supplementary Table 1 
 

Immunohistochemistry 
Animals were given intra-peritoneal deep pentobarbital anaesthesia and were sacrificed by 
intracardial perfusion with phosphate-buffered saline (PBS) pH 7.4, followed by PBS con-
taining 4% paraformaldehyde. The brain was removed and stored in PBS-4% paraformal-
dehyde at 4°C until further processing. Brains were sectioned over the midline, the left 
hemisphere was embedded in gelatin and cut in 50 μm coronal sections on a vibratome 
(Leica VT1000S). To detect and quantify UBB+1 protein levels, every tenth section was 
immuno-histochemically stained overnight with rabbit polyclonal anti-UBB+1 antibody 
(Ubi3; bleeding date 05/08/97, 1:1,000 (Fischer et al., 2003)), as described previously 
(Chapter 3) using the peroxidase-anti-peroxidase method (Sternberger et al., 1970). Stain-
ing was visualized with 3,3'-diaminobenzidine solution using nickel intensification 
(0.2%). An additional series of every tenth section was used to detect and quantify the Aβ 
plaque load by immuno-histochemically staining the sections overnight with mouse 
monoclonal anti-Aβ antibody 6E10 (1:16,000; Signet 9300-02, Dedham MA) with 30-min 
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of pre-treatment with fresh formic acid solution to permeabilize the tissue, sections were 
further processed using the peroxidase-anti-peroxidase method and 3,3'-diaminobenzidine
-Ni color reaction. Stained sections were mounted on glass slides, embedded using Entel-
lan (Merck) and coverslipped. 
 

Image analysis 
Photographs in figure 1 and Supplementary figure 1 were made using a Zeiss Axioplan 2 
microscope and an Evolution digital camera (MediaCybernetics, Silver Spring, MD). For 
analysis of plaque load and UBB+1 IOD, photographs were made using a Zeiss Axioskop 
microscope with Neofluor 2.5x and 5x objectives and a 558,5 nm bandpass filter (type 
DMZ-12, ITOS), connected to a Sony XC-77CE CCD black and white camera. Three 
coronal sections per hemisphere were captured, positioned at anterior-posterior -1.22, -
1.82 and -2.30/2.46 relative to bregma (Paxinos and Franklin, 2001). In each section, the 
entire cortex, hippocampus and dentate gyrus were outlined by hand according to Paxinos 
et al. (Paxinos and Franklin, 2001) and analyzed with Image-Pro Plus software (version 
5.1, MediaCybernetics). Measurement of sampled area volume (mm3) and Aβ plaque per-
centage was performed using a custom-made analysis program using Cavalieri’s principle 
of volume estimation (Gundersen and Jensen, 1987). An example of brain area outlines 
and plaque determination is given in Supplementary figure 3. UBB+1 levels were deter-
mined by measuring integrated optical densities per outlined brain area using Image-Pro 
Plus software. The experimenter was blind to the genotype of the mice. Differences be-
tween groups were analyzed with non-parametric Kruskal-Wallis followed by Mann-
Whitney, results were considered significant when p<0.05. Statistical analysis was per-
formed using SPSS for Windows (version 12.0.1). 
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Supplementary Figures  

 
Figure S1     Aβ plaques in APPPS1 transgenic mice. Increasing amyloid deposition in plaques during 
aging in the cortex of APPPS1 (A-D) and APPPS1/UBB+1 (E-H) transgenic mice. Representative high-
magnification photographs of 50 μm coronal vibratome sections of 3, 6, 9, and 11-month-old mice, 
stained with monoclonal anti-amyloid 6E10 antibody. Photomicrographs are magnifications of photos 
shown in figure 1 of Chapter 6. Scale bar = 0.025 mm. 
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Figure S2     Volume of sampled brain areas is not affected by Aβ deposition or proteasome inhibition. 
Volume of the sampled areas (in mm3) of the cortex, hippocampus and dentate gyrus were measured in 
UBB+1, APPPS1, APPPS1/UBB+1 and wild-type mice at 3 (A), 6 (B), 9 (C) and 11 (D) months of age. 
Individual cases are plotted, median values per group are indicated by horizontal bars, * p< 0.05. 
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Supplementary Table 

 
Figure S3     Aβ plaque load measurement. Example of computer automated measurement of the amyloid 
plaque load in a 11-month old APPPS1 transgenic mouse at -1.82 anterior-posterior from bregma. First, 
50 μm coronal sections were stained with 6E10 anti-amyloid antibody (A). The sampled brain areas, cor-
tex (CTX), hippocampus (HIP) and dentate gyrus (DG), were outlined by hand, outlines are shown in 
green (B). Overlay in (C) shows the 6E10 stained section overlaid by the computer automated measure-
ment of Aβ plaque covered area shown in red (C). Scale bar = 1 mm. See color section. 
 

Table S1     Summary of the mice used for the Aβ plaque and UBB+1 analysis 

Age Genotype n (male;female) Age (days) Weight (g) 

3 months wild-type 5 (5;0) 91 ± 1 30.0 ± 2.1 
  UBB+1 7 (7;0) 91 ± 1 31.6 ± 1.3 
  APPPS1 5 (5;0) 91 ± 3 27.6 ± 2.7 
  APPPS1/UBB+1 5 (5;0) 90 ± 2 27.0 ± 1.1 
          

6 months wild-type 6 (5;1) 183 ± 4 33.4 ± 5.7 
  UBB+1 7 (5;2) 182 ± 3 31.8 ± 4.6 
  APPPS1 6 (4;2) 182 ± 3 31.7 ± 6.8 
  APPPS1/UBB+1 5 (4;1) 180 ± 2 30.9 ± 4.0 
          

9 months wild-type 6 (5;1) 274 ± 5 38.0 ± 8.3 
  UBB+1 3 (3;0) 273 ± 4 36.2 ± 1.2 
  APPPS1 6 (5;1) 275 ± 2 35.2 ± 3.8 
  APPPS1/UBB+1 4 (4;0) 267 ± 1 38.5 ± 3.6 
          

11 months wild-type 8 (3;5) 346 ± 13 35.0 ± 7.4 
  UBB+1 5 (2;3) 336 ± 4 33.1 ± 4.6 
  APPPS1 8 (2;6) 355 ± 10 33.5 ± 7.4 
  APPPS1/UBB+1 3 (1;2) 337 ± 4 29.8 ± 10.2 




