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Abstract 

The ubiquitin-proteasome system (UPS) is the main intracellular pathway for regulated 

protein turnover. This system is of vital importance for maintaining cellular homeostasis 

and is essential for neuronal functioning. It is therefore not surprising that impairment of 

this system is implicated in the pathogenesis of a variety of diseases, including neurologi-

cal disorders, which are pathologically characterized by the presence of ubiquitin-positive 

protein aggregates. A direct correlation between intact neuronal functioning and the UPS 

is exemplified by a range of transgenic mouse models wherein mutations in components 

of the UPS lead to a neurodegenerative or neurological phenotype. These models have 

been proven useful in determining the role of the UPS in the nervous system in health and 

disease. Furthermore, recently developed in vivo models harbouring reporter systems to 

measure UPS activity could also substantially contribute to understanding the effect of 

neurodegeneration on UPS function. The role of the UPS in neurodegeneration in vivo is 

reviewed by discussing the currently available murine models showing a neurological 

phenotype induced by genetic manipulation of the UPS. 

 

Introduction 

Protein turnover plays an important role in the maintenance of cellular homeostasis and is 

involved in a diverse array of processes, ranging from endocytosis to signal transduction 

(Welchman et al., 2005; Mukhopadhyay and Riezman, 2007). Protein quality control, 

through degradation of aberrant or misfolded proteins, also contributes to a healthy intra-

cellular environment (Hershko and Ciechanover, 1998). Degradation of proteins can be 

executed by various proteolytic systems, including lysosomal degradation, chaperone-

mediated autophagy, and substrate-specific degradation by the ubiquitin-proteasome sys-

tem (UPS). The focus of this review is on the role of the UPS in neurodegeneration in 

vivo. 

 

The ubiquitin-proteasome pathway 

The small 76-amino-acid ubiquitin protein was first discovered over three decades ago, by 

Goldstein and co-workers (Goldstein et al., 1975). Over the years, ubiquitin modification 

of substrate proteins emerged as a key regulator of many cellular processes, including 

protein degradation (Ciechanover et al., 1980; Hershko et al., 1980), and proved to be 

essential for cell viability in vitro (Finley et al., 1984) and in vivo (Ryu et al., 2007). 
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Substrate targeting by ubiquitin 

The UPS is the main regulated intracellular proteolytic pathway and determines the stabil-

ity of a broad array of proteins by a two-stage mechanism; first, substrates are tagged for 

degradation by covalent attachment of a chain of ubiquitin moieties, a process known as 

poly-ubiquitination. Subsequently, the ubiquitinated substrates are selectively targeted to 

the 26S proteasome, where protein degradation takes place and ubiquitin is recycled (for 

an extensive review of the UPS see (Glickman and Ciechanover, 2002)). Besides tagging 

proteins for degradation, additional roles for ubiquitin modification are currently emerg-

ing, mostly determined by the length and localization of the attached ubiquitin chain. 

These include regulation of chromatin structure, DNA repair and receptor endocytosis 

(Schwartz and Hochstrasser, 2003). Target substrates for proteasomal degradation are 

recognized by the enzymatic machinery of the UPS through intrinsic degradation signals 

(degrons, (Meinnel et al., 2006)) or by association with ancillary proteins, e.g. heat-shock 

proteins, leading to ubiquitination of the substrate (Cyr et al., 2002).  

Proteasomal degradation shows a high level of substrate specificity, which is mainly 

achieved by the enzymatic cascade involved in substrate ubiquitination. This process em-

ploys a minimum of three different classes of enzymes performing subsequent tasks to 

covalently attach ubiquitin to a substrate protein. First, ubiquitin is activated by ATP-

dependent cross-linking of its C-terminal glycine (G76) to the active site cysteine of ubiq-

uitin activating enzyme E1, forming a high-energy thiolester intermediate. Subsequently, 

the activated ubiquitin is transferred from the active site of E1 to the active site of one of 

the E2 ubiquitin-conjugating enzymes present in the cell. Finally, the activated ubiquitin is 

transferred from the E2 to the target substrate which is bound to a ubiquitin ligase (E3 

enzyme) (Figure 1). Until now, only a single conserved ubiquitin E1 enzyme was identi-

fied, in contrast to E2 enzymes, of which over fifty different variants are known (Semple, 

2003). Only recently two additional E1 enzymes, Uba6 and UBE1L2, both present in ver-

tebrates, were discovered (Jin et al., 2007; Pelzer et al., 2007). Substrate specificity is 

partially defined by the different E2s, combined with a broad array of hundreds of distinct 

E3 enzymes, which appear to be to some extent substrate-specific (reviewed in (Glickman 

and Ciechanover, 2002; Pickart, 2004)). 

Of the E3 enzymes, three mechanistically distinct classes are described. The HECT 

(Homologous to E6-associated protein C-Terminus) domain E3 enzymes bind the E2-

ubiquitin complex as well as the target substrate, serving as an intermediate docking sta-

tion for transfer of the ubiquitin moiety from the E2 to a lysine residue in the substrate 

(Figure 1). The second class of E3s is the RING-finger (Really Interesting New Gene) 

motif containing E3s. RING-E3s transfer the ubiquitin moiety directly from the E2 en-

zyme to the target substrate (Figure 1). Some RING-E3s consist of a single subunit in 

which the substrate recognition site and the E2-binding site are united in one subunit. 

Other RING-E3 enzymes consist of multiple subunits, each holding distinct properties 
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regarding substrate recognition, E2 binding and ubiquitin transfer (reviewed by (Weiss-

man, 2001)). A third class of E3 enzymes is the U-box containing E3 enzymes (described 

in the next paragraph). 

 

Figure 1     Ubiquitination cascade and proteasomal degradation. Ubiquitin (purple sphere) is activated 

by the E1 ubiquitin activating enzyme and transferred to a ubiquitin carrier, the E2 ubiquitin conjugating 

enzyme. Protein substrates to be targeted for degradation by the proteasome are recognized by one of the 

E3 ubiquitin ligase enzymes. In the case of RING-E3 ligases, the ubiquitin is directly transferred from the 

E3-bound E2 enzyme to a lysine residue in the substrate. For HECT-E3 enzymes, the ubiquitin is first 

transferred from the E2 to the E3 ligase and is subsequently attached to the substrate. Successive ubiquitin 

moieties are attached to the substrate-bound ubiquitin, forming a ubiquitin chain. With a K48-linked 

polyubiquitin chain of four or more ubiquitins the substrate is targeted to the 26S proteasome. Here, the 

ubiquitin chain is released and the substrate is degraded into small peptides by the 26S proteasome. Fi-

nally, the ubiquitin is recycled by release of free monomeric ubiquitin from the ubiquitin chain, an activity 

mediated by DUBs. See color section. 
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A ubiquitinated protein may be subjected to several subsequent rounds of ubiquitina-

tion on one or more lysine residues in the proximal ubiquitin moiety. These ubiquitin-

ubiquitin linkages are made up of isopeptide bonds between an internal lysine residue in 

the bound ubiquitin and the C-terminal G76 of the consecutive ubiquitin moiety. Besides 

sequential attachment of single ubiquitin moieties to the substrate-bound ubiquitin, pre-

formed ubiquitin chains can also be transferred as a whole to a substrate (Li et al., 2007). 

In some cases, a fourth ubiquitination enzyme, known as the ubiquitin chain elongation 

factor E4, is necessary, together with the E1, E2 and E3 enzymes to elongate a poly-

ubiquitin chain to the desired length (Koegl et al., 1999). The defining motif of this E4 

enzyme, designated the U-box motif, partially resembles the RING-finger domain and is 

also found in several other proteins which elongate ubiquitin chains. The capacity of these 

U-box-containing enzymes to generate ubiquitin chains in the absence of E3 enzymes 

indicates that they may also be addressed as a novel class of E3s (Hoppe, 2005). 

Varying the ubiquitin linkage sites and chain lengths influences the fate of the ubiquit-

inated substrates. The ubiquitin protein contains seven conserved internal lysine residues, 

giving rise to numerous possible ubiquitin linkages. The minimal chain length for protea-

somal targeting is a ubiquitin chain of four ubiquitins linked at the lysine at position 48 

(K48) (Thrower et al., 2000). In vivo, ubiquitin linkages can also be formed at four addi-

tional internal lysine residues (K6, K11, K29 and K63), initiating processes other than 

degradation. For instance, K63 linkage of ubiquitin is implicated in ribosomal function 

and DNA repair (Spence et al., 2000). 

 

Proteasomal degradation 

Ubiquitinated substrates with a K48-linked ubiquitin chain of sufficient length are tar-

geted to the 26S proteasome for degradation (Figure 1). The 26S proteasome is a ~2.5 MD 

multi-subunit protease complex, consisting of a 20S core particle flanked by at least one 

19S regulatory particle. The proteolytic activity resides inside the 20S core, a barrel-

shaped structure assembled of four stacked rings, with seven subunits residing in each 

ring. The two outer rings each contain seven α-subunits which guide substrates into the 

central proteolytic chamber composed of two inner rings of seven β-subunits. Three out of 

seven β-subunits show proteolytic active sites. The proteolytic activity can be specified 

into chymotrypsin-like, trypsin-like and peptidyl-glutamyl-peptide hydrolyzing activity in 

the β5, β2 and β1 subunits respectively. Also three alternative β subunits exist (β5i, β2i 

and β1i), and incorporation of these subunits into the 20S particle gives rise to the im-

muno-proteasome (in addition with 20S-PA28 association) involved in antigen presenta-

tion. The 19S complex consists of a base part attached to the 20S particle (containing six 

ATPases of the AAA family and two additional non-ATPase subunits) and a lid on top of 

the base made up of at least eight different subunits (reviewed in (Pickart and Cohen, 
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2004; Wolf and Hilt, 2004)). The 19S proteasome particle has many specialized functions, 

which may be partly attributed to specific subunits, including substrate recognition and 

binding by the Rpt5 and Rpn10 subunits (Deveraux et al., 1994; Young et al., 1998; Lam 

et al., 2002) and ubiquitin chain removal by Rpn11, after which ubiquitin is recycled 

(Verma et al., 2002; Yao and Cohen, 2002). Presentation of substrates to the proteasome 

can be facilitated by proteasome-associated proteins, such as Rad23 and Dsk2, which tend 

to have a ubiquitin-like domain for proteasomal recognition and one or more ubiquitin-

associated domains to bind to ubiquitin chains (reviewed in (Elsasser and Finley, 2005)). 

 

UPS-related processes 

An additional level of substrate selectivity (beyond E2 and E3 specificity) is achieved by 

spatial and temporal regulation of proteolytic degradation throughout the cell. The UPS 

exerts specialized functions, depending on the intracellular compartment in which it re-

sides (e.g. at the origin of replication, mitotic spindle or synapse) or on time-dependent 

proteolytic regulation, the latter serving an important role in cell -cycle progression 

(reviewed in (Pines and Lindon, 2005)). An apparent example of a spatially regulated deg-

radation mechanism is the endoplasmatic reticulum (ER)-associated degradation (ERAD) 

pathway. In the ER, proteins are glycosylated and folded before they are routed into the 

secretory pathway. ERAD is the main pathway for protein quality control of secretory 

proteins, to ensure that un- or misfolded proteins are degraded. In this system, substrates 

are first targeted from the ER to the ubiquitination machinery in the cytosol, where they 

are subsequently degraded by the 26S proteasome (reviewed by (Meusser et al., 2005)). 

Apart from functioning as a degradation signal, ubiquitination regulates a myriad of 

other processes in the cell, also dependent on the characteristics of the ubiquitin chain. 

Mono-ubiquitination of proteins regulates distinct cellular functions, including histone 

regulation, retrovirus budding, transcriptional regulation and endocytosis. Via the latter 

pathway substrates at the plasma membrane are modified by a single ubiquitin moiety on 

a lysine residue (mono-ubiquitination) or by multiple mono-ubiquitination of several in-

ternal lysine residues (multi-ubiquitination) for internalization and intracellular routing via 

the late endosomes (also known as multivesicular bodies) to the lysosome (reviewed in 

(Haglund et al., 2003; Mukhopadhyay and Riezman, 2007)). Also ubiquitin-like proteins, 

of which the best known are NEDD8 (neuronal precursor cell expressed, developmentally 

down-regulated 8) and SUMO (small ubiquitin-like modifier), modify substrates by a 

similar cascade of E1 and E2 enzymatic activity and regulate protein function, ranging 

from E3-ligase activity regulation by NEDD8 to transcriptional regulation, and possibly 

even antagonize ubiquitination by SUMO modification of substrates (Welchman et al., 

2005). 
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Deubiquitination 

Substrate ubiquitination is a reversible process and both the ubiquitination and deubiquiti-

nation processes are tightly regulated by specific enzymes. The distinct enzymatic activity 

which reverses ubiquitination is performed by deubiquitinating enzymes (DUBs), which 

serve various functions by their ability to cleave ubiquitin moieties. The approximately 

one hundred known DUBs belong to the family of proteases and are subdivided into five 

subclasses, i.e. (1) the ubiquitin C-terminal hydrolases-UCHs, (2) the ubiquitin specific 

proteases-USPs, (3) the ovarian tumor proteases-OTUs, (4) the Machado-Joseph Disease 

protein domain proteases-MJDs and (5) the JAB1/MPN/Mov34 metalloenzyme-JAMM 

motif proteases (Nijman et al., 2005). DUBs are responsible for cleaving ubiquitin precur-

sors, rescuing target substrates from degradation, cleaving the ubiquitin chain at the pro-

teasome entrance, and for disassembly of unanchored ubiquitin chains generating single 

ubiquitin moieties. Some DUB activities are physically linked to the 26S proteasome such 

as ubiquitin chain release by the Rpn11 19S subunit (Verma et al., 2002; Yao and Cohen, 

2002). The 19S-associated DUB UCHL5 (UCH37) removes ubiquitin only from the distal 

end of substrate bound poly-ubiquitin chains, editing the length of the ubiquitin chain 

(Lam et al., 1997). Other DUBs have more general functions, like recycling of ubiquitin 

chains to generate free ubiquitin moieties by the DUB isopeptidase-T. DUBs seem to pos-

sess (partial) substrate specificity as specific targets or involvement in specific pathways 

are found for an increasing number of DUBs (reviewed in (Amerik and Hochstrasser, 

2004; Nijman et al., 2005)). 

 

The UPS in the nervous system 

As described in the previous section, the UPS plays an important role in maintaining cel-

lular homeostasis, determines the turnover rate of many short-lived proteins, and recent 

studies increasingly recognize an essential role for the UPS in cell cycle progression 

(Reddy et al., 2007; Stegmeier et al., 2007). However, the UPS also fulfills specific tasks 

in post-mitotic neurons, including turnover of long-lived proteins, synaptic development 

and maintenance of established synaptic connections (Table 1, for a detailed review of the 

neuronal UPS see (Yi and Ehlers, 2007)). 

 

The UPS in neuronal development and plasticity 

During development, axons have to locate to their appropriate targets in other areas of the 

nervous system, a process known as axon guidance. A growth cone is located at the outer 

end of the developing axon and determines the axonal branching pattern. In these growth 

cones resides an active UPS machinery, which, together with various guidance molecules, 
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regulates growth cone behavior by inducing rapid changes in local protein levels 

(Campbell and Holt, 2001). Also guidance receptors can be regulated via ubiquitination 

(Myat et al., 2002) and the UPS also plays a role in formation of new growth cones and in 

axonal regeneration after axotomy (Verma et al., 2005). In addition, modification of es-

tablished axonal connections can be regulated by the UPS. This process of local degenera-

tion of the distal ends of an axon, axon pruning, requires both the ubiquitination machin-

ery and proteasomal activity in Drosophila (Watts et al., 2003). 

The formation of synapses also requires a tight balance between protein ubiquitination 

and deubiquitination. The UPS not only plays an important role in the development of 

synapses, it also regulates synaptic transmission and synaptic strength, for instance by 

regulating the levels of neurotransmitter receptors (reviewed in (Yi and Ehlers, 2007)). 

Turnover of many other proteins within the post-synaptic density is mediated by ubiquitin

-dependent degradation and an increasing number of substrates for ubiquitination and pro-

teasomal degradation are currently being elucidated (Ehlers, 2003). It is thus not surpris-

ing that the UPS is involved in the modulation of synaptic plasticity, first shown in Aply-

sia, where long-term facilitation was eliminated after inhibition of the proteasome (Hegde 

et al., 1997). More recently, it was shown that a tight balance between protein synthesis 

and degradation determines the expression of hippocampal late long-term potentiation 

(LTP) (Fonseca et al., 2006). Thus, as summarized in Table 1, ubiquitination and protea-

somal degradation of proteins by the UPS as well as post-translational ubiquitin modifica-

tion of proteins may have an influence on the development of synapses and synaptic 

strength on both the pre- and post-synaptic side of the synaptic cleft (reviewed in 

(DiAntonio and Hicke, 2004; Yi and Ehlers, 2007)). 

 

UPS in neurodegenerative diseases 

As the UPS fulfills an important role in many processes in neurons during development as 

well as in fully differentiated neurons, it is not surprising that a diminished function of the 

UPS is implicated in a broad array of neurological diseases. A direct linkage between UPS 

Table 1     UPS involvement in neuronal processes 

Development Adult 

axon guidance axon regeneration after axotomy 

growth cone formation axon degeneration (axon pruning) 

synapse development synaptic connectivity (pre- and post-synaptic) 

 dendritic spine morphology 

 learning and memory 

 
neuron degeneration 
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malfunction and disease pathogenesis is the accumulation of ubiquitin conjugates and 

other UPS-related components in the neuropathological hallmarks of many neurodegen-

erative diseases, including Alzheimer‟s disease (AD), Parkinson‟s disease (PD), polyglu-

tamine diseases, such as Huntington‟s disease (HD) and spinocerebellar ataxias (SCAs), 

amyotrophic lateral sclerosis and prion disease (reviewed by (Ciechanover and Brundin, 

2003)). The discovery of familial variants of PD caused by genetic mutations in UPS-

related genes (Kitada et al., 1998; Leroy et al., 1998) substantiated the importance of the 

UPS in neurodegenerative disease. However, for most diseases the precise mechanism by 

which (altered) UPS activity mediates disease progression is not fully understood. 

There are currently two main views on the biological relevance of the ubiquitin-

containing aggregates in disease: (1) they can be seen as the result of effective ubiquitina-

tion of target proteins followed by a reduced activity of the proteasome or (2) they could 

be a protective mechanism of the cell to confine aberrant or misfolded proteins to inert 

inclusions. Intracellular aggregated proteins are often sequestered into inclusion bodies 

(IBs), which regularly contain components of the UPS and, in some cases, molecular 

chaperones and intermediate filaments (reviewed in (Kopito, 2000)). In mammalian cells, 

aggregates can be actively transported via the microtubuli network to the aggresome, a 

specialized IB-like ubiquitin-rich structure at the microtubule organizing centre (Johnston 

et al., 1998). Through sequestration into aggresomes, aggregation-prone proteins can be 

removed from the cell via transfer to the lysosome, possibly by an autophagic process 

(Taylor et al., 2003). It is conceivable that not the IBs themselves but rather the early pro-

tein aggregate-intermediates (oligomers) are toxic. These oligomers are physically sepa-

rated from other cellular compartments when trapped into IBs. Indeed, aggregated pro-

teins can inhibit the UPS (Bence et al., 2001; Diaz-Hernandez et al., 2006) before IBs are 

present (Bennett et al., 2005). Also, in a cell line model of HD, the formation of IBs is 

predictive of increased cell survival and decreases the aberrant protein load in the cell 

(Arrasate et al., 2004). Obtaining conclusive evidence on the precise contribution of ubiq-

uitin-containing aggregates and IB formation to disease pathogenesis will remain a chal-

lenge; the protein aggregation seems to result from UPS malfunction; however, these ag-

gregated proteins also hold UPS inhibitory properties themselves. 

General factors influencing UPS function could contribute to the pathogenesis of neu-

rodegeneration. During aging, a main risk factor for many of these diseases, proteasome 

activity progressively declines in various tissue types, including nervous tissue (Keller et 

al., 2000). Oxidative stress can influence proteasome activity levels, either by oxidative 

modification of the 26S proteasome itself or by increased levels of oxidative proteins 

which interact with the proteasome during aging (reviewed in (Carrard et al., 2002; Keller 

et al., 2002)). In turn, decreased chymotryptic proteasome activity hyper-sensitizes cells 

to oxidative stress, resulting in accumulation of ubiquitinated proteins (Li et al., 2004). 

ER stress negatively influences proteasome activity and so potentially contributes to the 
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aberrant protein accumulation seen in neurodegenerative disorders (Menendez-Benito et 

al., 2005). Furthermore, decreased ribosome functioning and impairments in protein syn-

thesis are associated with early AD (Ding et al., 2005), two processes which can be in-

duced by inhibition of proteasome activity (Ding et al., 2006; Stavreva et al., 2006). 

In the following sections, the relation between the UPS and disease pathogenesis will 

be briefly discussed for three types of neurodegenerative disorders: AD and other tau-

opathies, PD, and HD and other polyglutamine diseases.  

 

Alzheimer’s disease and other tauopathies 

AD is the most common form of dementia and characterized by extracellular plaques con-

sisting of amyloid-β (Aβ), and intraneuronal tangles and neuropil threads consisting of 

hyperphosphorylated tau (Hardy and Selkoe, 2002). Already two decades ago it was ob-

served that neurofibrillary tangles are ubiquitin positive, as well as the dystrophic neurites 

surrounding the plaques (Mori et al., 1987; Perry et al., 1987) (Figure 2). There are now 

many indications that the UPS is involved in the pathogenesis of AD (reviewed by (de 

Vrij et al., 2004; Scheper and Hol, 2005)). It has been shown that proteasome activity is 

diminished in affected brain areas of AD patients, such as the hippocampus and temporal 

cortex (Keller et al., 2000) and that the enzymatic ubiquitination machinery is defective in 

cortical brain areas in AD (Lopez Salon et al., 2000). The two predominant proteins accu-

mulating in AD directly diminish UPS activity; i.e. paired helical filaments (tau) isolated 

from AD brain inhibit the proteasome via the 20S core (Keck et al., 2003) and Aβ holds 

proteasome inhibitory properties in a cell-free system (Gregori et al., 1995), in neuronal 

primary cultures (Lopez Salon et al., 2003), and also in several AD transgenic mouse 

models (Oh et al., 2005; Almeida et al., 2006; Tseng et al., 2007). The UPS inhibition 

observed in AD is not an intrinsic property of the 20S core, as purified 20S from AD brain 

does not show a decreased proteasome activity (Gillardon et al., 2007). Aβ toxicity could 

be mediated by the E2-conjugating enzyme E2-25K, via ubiquitination of E2-25K sub-

strates which affect proteasome activity in concert with Aβ (Song et al., 2003). Immunisa-

tion of triple transgenic AD mice, showing Aβ and tau pathology, with Aβ antisera re-

verses amyloid pathology as well as early hyperphosphorylated tau pathology. This latter 

process was shown to be mediated through the proteasomal pathway (Oddo et al., 2004), 

stressing the importance of this pathway in the neuropathology of AD. UCHL1, a DUB 

responsible for the recycling of ubiquitin, is associated with AD tangle pathology. The 

level of soluble UCHL1 protein is inversely correlated to the number of tangles in the 

brains of AD patients (Choi et al., 2004). Indeed, soluble UCHL1 protein levels are re-

duced in the hippocampus of an AD transgenic mouse model with APP and PS mutations, 

accompanied by a decrease in hydrolase activity. The defects in synaptic functioning and 

in learning and memory present in this AD model can be reversed by exogenous neuronal 
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expression of UCHL1 (Gong et al., 2006). For a more detailed description of the role of 

UCHL1 and UCHL3 in neuronal function, see section “UCH-Lx mutant mice”. 

Ubiquitinated deposits can also be found in the disease hallmarks of many other dis-

eases with tau pathology (tauopathies, (Lee et al., 2001)). Ubiquitination of soluble tau 

occurs on three internal lysine residues and the resulting polyubiquitin chain is primarily 

linked via K48, indicating that tau is indeed a target for degradation by the UPS (Cripps et 

al., 2006). Tau ubiquitination is mediated by the U-box E3/E4 CHIP (C-terminal Heat-

shock protein 70 Interacting Protein), together with Hsp70. CHIP binds tau through its 

microtubule-binding domain, thereby allowing the ubiquitination of tau, which ultimately 

leads to an increase in the level of insoluble aggregated tau (Petrucelli et al., 2004; Shi-

mura et al., 2004). Together, these data implicate an important role for the UPS and the 

chaperone-folding system in the pathogenesis of AD. The possible cross-talk between 

these systems might be mediated by CHIP (also see section “CHIP KO mice”). 

 

Parkinson’s disease  

The main neuropathological feature of PD is degeneration of the dopaminergic neurons in 

the substantia nigra (SN) pars compacta, accompanied by cytoplasmic protein inclusions. 

These inclusions, known as Lewy bodies, contain many ubiquitinated normal and aberrant 

proteins, including α-synuclein, neurofilaments and components of the UPS machinery 

(reviewed in (Ciechanover and Brundin, 2003) (Figure 2). A direct linkage between UPS 

malfunction and neurodegenerative disease is probably best exemplified by PD, as auto-

somal-dominant mutations in UPS enzymes appear to be causative for a percentage of PD 

cases. The most common form of familial PD, Autosomal Recessive-Juvenile Parkinson-

ism (AR-JP), results from mutations in the RING-E3 ligase parkin, which most likely 

leads to a decrease of function of this enzyme (Kitada et al., 1998). Parkin is a RING-E3 

enzyme capable of forming various types of ubiquitin linkages on substrate proteins (K48-

linked, K63-linked and (multiple) mono-ubiquitination), indicating a role for this enzyme 

beyond substrate poly-ubiquitination routing substrates to proteasomal degradation 

(reviewed by (Moore, 2006)). The Pael receptor is one of the many parkin substrates 

(together with the E4 activity of CHIP to establish poly-ubiquitination) and defective 

ubiquitination induces misfolding of this receptor leading to activation of the unfolded 

protein response in the ER (Imai et al., 2001; Imai et al., 2002). Also the α-synuclein in-

teracting protein synphilin-1 is a parkin substrate for K48- and K63-linked ubiquitination 

(Chung et al., 2001; Lim et al., 2005). Various parkin knockout (KO) mouse models have 

been developed, showing varying severity of PD pathology, described in section “Parkin 

KO mice”. 

A mutation residing in the DUB UCHL1 gene leads to a diminished function of this 

enzyme and could be causative of autosomal dominant familial PD in one German family 
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(Leroy et al., 1998). The in vitro physiological function of UCHL1 is to cleave small 

ubiquitin C-terminal adducts (Larsen et al., 1996), and also to provide single ubiquitin 

molecules to ubiquitinate substrate proteins (Larsen et al., 1998), further described in sec-

tion “UCH-Lx mutant mice”. A decrease of catalytic activity of UCHL1 through the PD 

mutation could putatively lead to a shortage of free ubiquitin. On the other hand, dimeric 

UCHL1 contains E3 activity, which enhances α-synuclein ubiquitination. A polymor-

phism for UCHL1, which decreases this ligase activity, has a possible protective effect on 

PD (Liu et al., 2002). In agreement with these observations, UCHL1 protein levels are 

decreased in sporadic PD and the protein is a target for oxidative damage, the latter possi-

bly interfering with its deubiquitinating activity (Choi et al., 2004). As is the case in AD, 

in PD, the activity of the proteasome is modestly decreased in the affected brain areas 

(McNaught and Jenner, 2001). Also the composition of the proteasome is altered, as there 

is a selective substantial decrease of α-subunits and 19S regulatory particles in the dopa-

minergic neurons in the SN (McNaught et al., 2002; McNaught et al., 2003).  

 

Huntington’s disease and other polyglutamine diseases 

The family of polyglutamine (polyQ) diseases is characterized by an expansion of CAG 

tri-nucleotide repeats in genes, such as huntingtin and the ataxin genes, leading to an ex-

tension of the encoded polyQ stretch. The best-known polyQ disease is HD, an autosomal 

dominant neurological disorder caused by an expanded CAG repeat in the huntingtin 

 

Figure 2     Ubiquitin-positive pathology in neurodegenerative disease. One of the neuropathological 

hallmarks in AD is accumulation of abnormally phosphorylated tau in the intra-neuronal tangles (A). 

These tangles also contain the ubiquitin protein (B). In PD patients, α-synuclein (C) and ubiquitin (D) co-

localize in intra-neuronal aggregates (Lewy bodies). Immuno-stainings were performed on 200 µm hippo-

campal vibratome sections of a 92-year-old female AD patient (A, B) or on 6 µm paraffin sections of the 

gyrus cinguli of an 80-year-old female patient with Lewy bodies (C, D) using antibodies directed against 

abnormally phosphorylated tau (MC-1; Davies, P., New York, USA), ubiquitin (Z0458, Dako) and α-

synuclein (clone KM51, Novacastra). Scale bar = 0.025 mm. 
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gene. The pathological hallmarks of HD consist of nuclear and cytoplasmic huntingtin 

aggregates gathered into IBs. Besides mutant huntingtin, these IBs also contain many 

other proteins, including ubiquitin and UPS related proteins, indicating a role for the UPS 

in HD pathology (reviewed in (Valera et al., 2005)). The current views on how huntingtin 

aggregates and IBs interfere with UPS function are still quite controversial. In vitro, 

polyQ aggregates, although resistant to proteasomal degradation, do not induce UPS inhi-

bition (Verhoef et al., 2002), although in other studies aggregated huntingtin does induce 

inhibition of the UPS (Bence et al., 2001; Bennett et al., 2005; Bennett et al., 2007) and 

relocalization of proteasome components to the huntingtin aggregates leads to a decrease 

in UPS activity (Jana et al., 2001). Also, proteasomal changes are observed in HD, result-

ing in a decrease of proteasome activity in the brain of HD patients (Seo et al., 2004) and 

the induction of 20S immuno-proteasome subunits (Diaz-Hernandez et al., 2003). How-

ever, total proteasome content and activity are unaltered compared to non-diseased sub-

jects in this study. Contradicting these observations are results from transgenic mouse 

studies showing that UPS impairment is not necessarily connected to polyQ pathology in 

a SCA-7 model (Bowman et al., 2005) and that proteasome activity remains unaltered in 

HD transgenic mice (Bett et al., 2006). 

CHIP is one of the proteins able to suppress polyQ toxicity, again showing a link be-

tween the UPS, the chaperone system and a neurodegenerative disease process (Miller et 

al., 2005). Also the ubiquitin conjugating E2 enzyme E2-25K (or huntingtin interacting 

protein 2) interacts directly with huntingtin and may mediate ubiquitination of this protein 

(Kalchman et al., 1996). Recently it was shown that E2-25K is involved in polyQ aggre-

gate formation and mediates polyQ- induced cell death, depending on the C-terminal cata-

lytic domain of the enzyme essential for ubiquitination of substrate proteins. In human 

postmortem brain, the E2-25K enzyme is present in a subset of the neuronal IBs found in 

HD and SCA3 patient material, again indicating the relevance of ubiquitination for the 

pathology of polyQ disease (de Pril et al., 2007). 

In 2006, Diaz-Hernandez et al. showed that the observed UPS inhibition in HD could 

be dissected into differential effects of aggregated huntingtin on 20S and 26S proteasome 

activity. Ubiquitinated filamentous huntingtin aggregates from HD transgenic mice co-

localized with the 19S proteasome cap particles, resulting in 26S, but not 20S, proteasome 

inhibition. In addition, ubiquitin and mutant huntingtin positive filamentous aggregates 

isolated from human HD patients inhibited 26S proteasome activity without altering 20S 

activity. In contrast, intact IBs isolated from the same HD mice did not induce UPS inhi-

bition in the 26S or 20S proteasome fraction. These data suggest that the ubiquitinated 

form of filamentous aggregates could be detrimental to the neuron, whereas entrapment of 

these aggregates into larger IBs could be cytoprotective (Diaz-Hernandez et al., 2006). 

Ubiquitinated inclusions are also found in other polyQ diseases, indicating a general 

mechanism of UPS involvement in polyQ pathology. A number of SCAs are caused by 
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polyQ expansion in ataxin genes. A puzzling correlation between UPS dysfunction and 

polyQ disease is found in SCA-3 (Machado-Joseph disease), which results from a polyQ 

expansion in ataxin-3, a protein with deubiquitinating activity and able to bind ubiquiti-

nated proteins through its ubiquitin interacting motif (UIM) (Burnett et al., 2003; Burnett 

and Pittman, 2005). An overview of murine models harboring ataxin-3 mutations is given 

in section “Ataxin-3 transgenic mice”. 

 

Mutant ubiquitin (UBB+1) 

Another indication of UPS malfunction in neurodegenerative disease is the occurrence of 

a mutant form of ubiquitin in many neurodegenerative disorders. This mutant ubiquitin 

(UBB+1) results from a di-nucleotide deletion in the ubiquitin B mRNA. The resulting 

UBB+1 protein has a 19 amino acid C-terminal extension, with the ubiquitin C-terminal 

G76, normally required for ubiquitinating substrates, mutated in Y76. UBB+1 accumulates 

in the neuropathological hallmarks of AD and Down syndrome patients (van Leeuwen et 

al., 1998; van Leeuwen et al., 2006). Moreover, UBB+1 co-localizes with huntingtin ag-

gregates in HD and with ataxin-3 in SCA-3 (De Pril et al., 2004). 

UBB+1 has lost the ability to ubiquitinate substrates as it lacks the C-terminal glycine. 

In turn, UBB+1 is a ubiquitin-fusion degradation (UFD) substrate for proteolytic degrada-

tion: UBB+1 is poly-ubiquitinated and directed to the 26S proteasome for degradation (De 

Vrij et al., 2001; Lindsten et al., 2002). Furthermore, ubiquitinated UBB+1 is refractory to 

deubiquitination by the DUB isopeptidase-T (Lam et al., 2000). When the protein is ex-

pressed at high levels, it is a potent inhibitor of the UPS. These dual UPS substrate/

inhibitory properties of UBB+1 are dose-dependent; UBB+1 shifts from a proteasome sub-

strate at low expression levels to a UPS inhibitor at high expression levels (van Tijn et al., 

2007). At these high expression levels, UBB+1 induces cell cycle arrest, neuritic beading 

and mitochondrial stress, apoptotic-like cell death and a heatshock response (De Vrij et 

al., 2001; Lindsten et al., 2002; Hope et al., 2003; Tan et al., 2007). The frequency of 

UBB+1 mRNA is very low (1:105 to normal ubiquitin mRNA) and UBB+1 mRNA levels of 

diseased and control patients do not differ significantly (Fischer et al., 2003; Gerez et al., 

2005). As the UBB+1 protein is only found in diseased subjects and aged subjects showing 

neuropathology, accumulation of the protein could reflect a downstream feature of disease 

pathogenesis. These data suggest that UBB+1 normally is degraded and that UPS inhibi-

tion, induced by e.g. disease pathology, initiates accumulation of the protein. In human, 

the accumulation of UBB+1 can be seen as an endogenous marker for proteasomal dys-

function (Fischer et al., 2003). 

It is interesting to note that UBB+1 accumulation is disease-specific as the protein is 

present in all tauopathies studied, but it is not present in synucleinopathies such as PD 

(Fischer et al., 2003). UBB+1 was shown to accumulate occasionally in α-synuclein con-



23 

GENERAL INTRODUCTION 

taining neuronal aggregates in the entorhinal cortex in subjects with combined multiple 

system atrophy and AD (Terni et al., 2007). It must be noted that in this brain area, α-

synuclein pathology coexisted with tau inclusions, thus it is conceivable that UBB+1 only 

accumulated in neurons containing both tau and α-synuclein. This discrepancy between 

tauopathies and synucleinopathies concerning UBB+1 accumulation could reflect an intrin-

sic difference in the disease mechanisms; UPS inhibition might be a general disease char-

acteristic in tauopathies leading to accumulation of many substrates, including UBB+1. In 

the case of synucleinopathies, dysfunction of a specific UPS component, e.g. an E3 ligase, 

will result in a substrate-specific degradation impairment or a transient (partial) decrease 

of UPS activity (Fischer et al., 2003; Hol et al., 2005). We have generated several UBB+1 

transgenic mouse models to further elucidate the effect of UBB+1 expression on neuronal 

functioning. Similar to our previous observations in cell lines, we observed that high lev-

els of neuronal UBB+1 expression led to a modest decrease in proteasome activity in vivo, 

accompanied by cognitive deficits, further indicating that intact proteasome activity is a 

prerequisite for proper neuronal functioning (Fischer et al., 2004; van Tijn et al., 2005). 

 

Mouse models of the UPS  

Recognition of the pivotal role of the UPS in many cellular pathways has led to the intro-

duction of an array of in vivo models with an altered UPS. These were generated through 

two different approaches; (1) altered UPS function resulting from expression of (aberrant) 

proteins which modify UPS activity or (2) mutation of an intrinsic component of the UPS 

machinery, e.g. an E3 or DUB, resulting in a phenotype with disturbed UPS function. Tar-

geting of transgene expression or protein knockdown to specific tissues make these in vivo 

models essential in understanding the mechanism of UPS action. They also provide an 

opportunity to test potential therapeutic agents which target the UPS in vivo. In this re-

view, we will focus on mouse models with an alteration of components of the UPS ma-

chinery leading to a neurological phenotype (section “Mouse models of neurodegenerative 

disease induced by an altered UPS”, Table 2). In addition, we will briefly discuss the cur-

rent developments in monitoring UPS activity in vitro and in vivo using UPS reporter pro-

teins (section “Mouse models to measure UPS activity in vivo”, Table 3). 

 

Mouse models of neurodegenerative disease induced by an altered UPS 

Parkinson’s disease mouse models 

The majority of the neurodegenerative genetic mouse models for PD harbor mutations in 

genes which encode proteins associated with PD (e.g. α-synuclein and parkin). Most 

mouse models expressing PD mutations show only a partial PD phenotype; mice with 
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parkin mutations show pathology found in the early stages of PD, including defects in the 

nigrostriatal pathway without massive loss of DA neurons (reviewed in (Fleming et al., 

2005)). In 2004, McNaught et al. published a controversial PD model in rat directly link-

ing the UPS to the development of PD pathology. Systemic injection of UPS inhibitors in 

adult rats induced a Parkinsonian phenotype, exemplified by gradual progressive motor 

deficits. In addition, these rats were reported to show PD associated DA cell loss in the 

SN pars compacta, as well as neuronal degeneration in other brain regions affected by PD. 

Lewy body-like neuronal IBs containing α-synuclein and ubiquitin were shown to be pre-

sent in the affected brain areas (McNaught et al., 2004). However, this promising model 

for PD has become increasingly controversial, as attempts by various laboratories to repli-

cate the abovementioned results have only been partially successful (Beal and Lang, 

2006). Several other studies did show that direct infusion of UPS inhibitors in the rat stria-

tum or SN induced degeneration of nigrostriatal DA cells accompanied by neuronal inclu-

sions resembling Lewy bodies (McNaught et al., 2002; Fornai et al., 2003; Miwa et al., 

2005). 

 

Parkin KO mice 

A subset of PD mouse models have a partial deletion of the Park2 gene (similar to human 

familial autosomal recessive juvenile Parkinson (AR-JP) caused by PARK2 mutations), 

leading to loss of function of the parkin RING-finger E3 protein. The pathology observed 

in human AR-JP closely resembles the pathology of idiopathic PD (motor impairments 

accompanied by DA neuron loss in the SN), but Lewy body pathology is absent. 

The first two parkin KO models were engineered by deleting exon 3 of the Park2 

gene, giving rise to the absence of the parkin protein (Goldberg et al., 2003; Itier et al., 

2003). In both models, brain morphology and cellular structure in the SN were normal 

without nigrostriatal DA neuron loss. Modest modifications in the DA system were pre-

sent; parkin KO mice showed increased levels of extracellular DA in the striatum, as well 

as a decreased synaptic excitability of the striatal neurons, probably arising from a post-

synaptic deficit. Parkin KO mice performed poorly in the beam transversal task, a behav-

ioral task sensitive to nigrostriatal deficits. The levels of parkin E3 ligase substrates 

CDCrel-1, synphilin-1 and also levels of α-synuclein were unaltered (Goldberg et al., 

2003), whereas proteomic analysis of ventral midbrain tissue of these mice revealed 

changes in proteins involved in regulation of mitochondrial function and oxidative stress 

(Palacino et al., 2004). In the parkin exon 3 deletion model described by Itier et al., stri-

atal levels of DA transporter protein were decreased. DA levels were increased in the lim-

bic system, as well as DA metabolism by monoamino oxidase. Also pre-synaptic electro-

physiological changes (inhibition of glutamate release) were found in the hippocampus. 

Compared to wild-type mice, these mice showed a decline in exploratory behavior and 

decreased alternation in a T-maze (Itier et al., 2003). Proteomic analysis of brain tissue 
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from these mice revealed 12 classes of differentially regulated proteins, the main func-

tional category being energy metabolism proteins. Also changes in protein processing 

pathways were present, including UPS-mediated protein degradation. Parkin E3 ligase 

substrates such as CDCrel-1 and synaptotagmin I were slightly up-regulated (Periquet et 

al., 2005). 

In contrast, disruption of the nigrostriatal DA system was absent in a PD model with a 

mutation in parkin exon 7 encoding the first RING domain (Von Coelln et al., 2004). In 

this parkin KO model a significant reduction of catecholaminergic neurons in the locus 

coeruleus was observed already at 2 months of age, accompanied by a loss of noradrenalin 

in selective target regions of locus coeruleus axonal projections (olfactory bulb and spinal 

cord). This resulted in a decreased acoustic startle response, a behavioral process mediated 

by noradrenergic neurotransmission (Von Coelln et al., 2004). The mechanism by which 

loss of the E3 function of parkin modulates neuron loss in the locus coeruleus is not yet 

understood. Analysis of known parkin substrates in these mice showed an increase in only 

one parkin substrate, the aminoacyl-tRNA synthetase cofactor p38/JTV-1 (Ko et al., 

2005). The loss of neurons in the locus coeruleus may well mimic early PD pathology, as 

in human sporadic PD neuron loss is more pronounced in the locus coeruleus than in the 

SN and pathology arises earlier in this brain region during PD progression (Braak et al., 

2003; Zarow et al., 2003). 

Several years ago, the spontaneous mouse model quakingviable (qkv) was found to har-

bor a ~1 Mb deletion on mouse chromosome 17 resulting in the altered splicing of the 

quaking gene. In addition, a proximal region was deleted containing the first five coding 

exons of Park2, the Park2 co-regulated gene (Pacrg) and the joint Park2/Pacrg promoter 

region. This deletion resulted in the absence of Park2 and Pacrg mRNA as well as the 

absence of the resulting proteins in homozygous qkv mice (Lockhart et al., 2004). The 

main phenotype of qkv mice consists of demyelinization of the central nervous system in 

combination with locomotor deficiencies and tremor of the hind limbs (Sidman et al., 

1964). Together with the previously described parkin KO models, these mice also showed 

an altered DA regulation resulting in an increased DA metabolism, but without changes in 

the DA levels in the nigrostriatal and mesolimbic systems (Nikulina et al., 1995). Con-

trary to the neuron loss in the locus coeruleus in the exon 7 parkin KO mice, qkv mice 

showed an increased noradrenergic neuron count in the locus coeruleus (Le Saux et al., 

2002). 

In contrast to the earlier observations in parkin-deficient mice, an exon 2 parkin KO 

model with a deleted ubiquitin-like domain did not exhibit a Parkinsonian phenotype even 

though functional parkin protein could not be detected (Perez and Palmiter, 2005). This 

discrepancy may originate in the different genetic backgrounds, which influences e.g. 

behavioral performance. Varying types of parkin mutations could also induce different 

splicing patterns of the parkin gene. A possible explanation for the absence of a PD phe-
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notype in the parkin exon 2 KO mice could be a redundancy between E3 ligases present in 

the mouse brain, which compensates for the loss of parkin E3 ligase activity (Perez and 

Palmiter, 2005). Already in the parkin KO models which do show a Parkinsonian pheno-

type, contrasting observations indicate a variable effect of the parkin E3 deletion, such as 

the decrease in neurons in the locus coeruleus in the exon 7 mutant (Von Coelln et al., 

2004), as opposed to the increase in locus coeruleus neurons in the qkv mice (Le Saux et 

al., 2002). It remains to be investigated whether loss of parkin activity has an effect on 

proteasome function in vivo, as does the precise mechanism by which loss of an E3 ligase 

induces a partial PD phenotype. 

 

UCH-Lx mutant mice 

At approximately 6 months of age, the spontaneous autosomal recessive mutant gracile 

axonal dystrophy (gad) mice develop sensory ataxia, followed by tremor, moving difficul-

ties and hind-limb muscle atrophy, leading to premature death (Yamazaki et al., 1988). 

On a neuropathological level, the primary defects in the gad mice include axonal dystro-

phy of the gracile tract and degeneration of the gracile nucleus in the medulla. The axons 

show a “dying back” degenerative phenotype and spheroid body formation occurs in the 

nerve terminals of the axons in the gracile nucleus surrounded by projections of reactive 

astrocytes (reviewed in (Kwon and Wada, 2006)). A decade later, it was shown that this 

phenotype resulted from an in-frame deletion of exons 7 and 8 of the Uchl1 gene, coding 

for the ubiquitin C-terminal hydrolase Uchl1 (Saigoh et al., 1999). 

This mouse model was the first to link a defective ubiquitination machinery to a neu-

rodegenerative phenotype in vivo. The deletion in the Uchl1 gene resulted in the formation 

of Uchl1 protein lacking the catalytic site residue. However, the phenotype of gad mice 

does not resemble a Parkinsonian phenotype, as might be expected since a UCHL1 muta-

tion in human has been identified in one PD family. Interestingly, abnormal accumulation 

of proteins did occur in this model, such as a diffuse intracellular accumulation of amyloid 

precursor protein, and probably also Aβ. To some extent this resembles AD pathogenesis, 

where Aβ deposition in fibrillary and dense-core plaques takes place accompanied by ax-

onal degeneration and glial cell activation (Ichihara et al., 1995). In addition, ubiquiti-

nated “dot-like” structures and increased proteasome immunoreactivity were observed in 

the affected brain regions in the gad mouse, further connecting malfunctioning of the UPS 

to this model (Wu et al., 1996; Saigoh et al., 1999). The small DUB Uchl1 is normally 

involved in generating monomeric ubiquitin (Larsen et al., 1998) and associates with 

mono-ubiquitin in vivo, preventing its degradation by extending the half-life of the protein 

(Osaka et al., 2003). In line with these observations, loss of Uchl1 function in gad mice 

induced a 20-30% decrease in neuronal mono-ubiquitin levels. In mice overexpressing 

Uchl1, the opposite effect was found, i.e. an increase in free mono-ubiquitin levels. It is 

possible that these decreased levels of free ubiquitin affect the ubiquitination of substrates 
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and initiate accumulation of proteins which would normally be degraded by the UPS 

(Osaka et al., 2003). 

When a mutant form of human UCHL1, found in familial PD patients (UCHL1 I93M), 

is expressed in a transgenic model, a different phenotype emerges. High expression levels 

of UCHL1 I93M led to a 30% reduction in TH-positive DA neurons in the SN at 20 

weeks of age and also to a decrease in DA levels in the striatum, accompanied by neuro-

pathological features, such as cytoplasmic inclusions positive for UCHL1 and ubiquitin 

and dense-core vesicles in neurons of the SN. Unlike Lewy bodies, the ubiquitin-positive 

inclusions were not eosinophilic and did not stain for α-synuclein. These mice showed a 

mild behavioral defect in spontaneous voluntary movement. This model is the first mouse 

model for familial PD which shows DA cell loss in the SN. However, the 30% decrease in 

DA cell number appears to be insufficient to induce a complete PD phenotype in these 

mice (Setsuie et al., 2007). 

The ubiquitin C-terminal hydrolases UCHL1 and UCHL3 display 52% sequence iden-

tity and are probably functionally redundant to some extent. However, the expression pat-

terns differ; the Uchl3 transcript is widely present, whereas Uchl1 expression is confined 

to brain and testis. As Uchl1 deficient mice (gad mice) show a neurological phenotype, it 

could be expected that loss of Uchl3 also induces a phenotype. However, mice lacking 

functional Uchl3, due to a deletion of exons 3-7 in the Uchl3 gene, did not show an overt 

developmental or adult phenotype and no histological defects were found in any of the 

tissues studied, including brain tissue (Kurihara et al., 2000). Further analysis did show a 

small defect in the dorsal root ganglion cell bodies and dystrophic axons were found in the 

nucleus tractus solitarius and area postrema (Kurihara et al., 2001). When these Uchl3Δ3-7 

mice were crossed with gad mice, the neurodegenerative phenotype of the gad mice was 

enhanced and accompanied by an increased weight loss, probably due to dysphagia. A 

loss of function of either Uchl1 or Uchl3 thus led to a distinct phenotype, showing that 

these DUBs have specific functions. In a double knockout, these phenotypes were en-

hanced, hinting that Uchl1 and Uchl3 also have overlapping functions in maintaining neu-

ronal homeostasis in specific areas of the brain (Kurihara et al., 2001). 

Ap-uch, the Aplysia orthologue of Uchl3, is required for long-term facilitation in Aply-

sia, showing a direct connection between the ubiquitin pathway and memory formation 

(Hegde et al., 1997). Using several learning and memory paradigms, Wood et al. investi-

gated if murine Uchl3 also plays a role in this process. Indeed, Uchl3Δ3-7 mice showed a 

significant learning deficit and impaired spatial reference memory in a watermaze, as well 

as impaired working memory coupled to a slightly impaired reference memory in a radial 

maze without deficits in long-term potentiation. The direct relation between loss of Uchl3 

and defective learning and memory is not clear. A decreased availability of ubiquitin due 

to defective deubiquitination could affect processes regulated by mono-ubiquitination, and 

alter proteasomal turnover of as yet undefined substrates of Uchl3 (Wood et al., 2005). 
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Although a direct correlation between Uchl1 and learning and memory has not been estab-

lished in the gad mice, it is known that inhibition of Uchl1 activity in mice inhibits hippo-

campal LTP and that transduction of Uchl1 protein can reverse synaptic defects and con-

textual memory deficits in AD transgenic mice (Gong et al., 2006). These observations 

further establish a role for the UCHs in cognitive function. 

 

Usp14 KO mice (ataxia mice) 

The spontaneous recessive mouse mutant ataxia has provided new insights in the relation 

of the UPS to synapse function. In these ataxia mice (axJ), an insertion was found in in-

tron 5 of the Usp14 gene, resulting in a decrease of Usp14 gene expression in the brain of 

mice to 5% of the Usp14 expression levels in wild-type mice (Wilson et al., 2002). This is 

reflected in greatly reduced levels (90%-100%) of Usp14 protein expression in brain ex-

tracts from homozygous mutants (Wilson et al., 2002; Anderson et al., 2005). axJ/axJ mice 

showed neurological deficits starting with tremors, followed by paralysis of the hind limbs 

and by death at ~10 weeks of age. Only mild developmental defects were found in the 

CNS, including under-development of the corpus callosum, hippocampus, dentate gyrus 

and some regions in the brainstem (D'Amato and Hicks, 1965; Burt, 1980). axJ/axJ mice 

showed no overt neuropathology, including absence of neuronal cell loss and ubiquitin-

positive pathology. Wilson et al. demonstrated that axJ/axJ mice showed pre-synaptic de-

fects in synaptic transmission at the NMJ, indicative of defective neurotransmitter release. 

In addition, these mice showed alterations in short-term plasticity in the CA1-CA3 circuit 

of the hippocampus, also pointing to a pre-synaptic defect (Wilson et al., 2002). 

The deficits found in axJ mice could give more information about the role of the UPS 

in synaptic transmission in the normal as well as the diseased brain, as synaptic deficits 

are an early pre-clinical event in e.g. AD (Coleman et al., 2004). USP14 normally func-

tions as a proteasome-associated DUB (Borodovsky et al., 2001). Ubp6 (the yeast homo-

logue of Usp14) appears to have a dual role in proteasome function; it delays substrate 

degradation by partial inhibition of the proteasome, whilst simultaneously deubiquitinat-

ing the same substrate (Hanna et al., 2006). It is not yet understood to what extent the 

deubiquitinating activity or the proteasome inhibitory activity of Usp14 contributes to the 

neurological phenotype of these mice. It is conceivable that Usp14 regulates local turn-

over of substrates involved in synaptic transmission and so induces the synaptic deficits; 

possible target proteins could be related to synaptic vesicle trafficking and sorting, vesicle 

docking or endocytosis (Wilson et al., 2002). 

In the brain of axJ/axJ mice, the levels of monomeric ubiquitin were decreased by 30-

40%, indicating that Usp14 is required for maintaining a pool of free ubiquitin (Anderson 

et al., 2005). Usp14 normally associates with proteasomes extracted from brain tissue in 

wild-type mice. This association was lost in axJ mice, most likely attributable to the very 
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low levels of Usp14 protein. However, this did not affect the proteolytic activity of the 

proteasome measured with fluorogenic 20S proteasome substrates. In contrast to the ob-

servations in yeast, where Usp14 homologue Ubp6 represents the predominant ubiquitin-

hydrolyzing activity of the proteasome (Leggett et al., 2002), only a small decrease was 

found in the ubiquitin hydrolyzing activity in axJ mice (Anderson et al., 2005). It is thus 

conceivable that other DUBs, such as the proteasome-associated DUB Uchl5 (synonym 

UCH37), compensate for the decreased Usp14 levels to maintain ubiquitin hydrolysis at 

the proteasome. The ataxia phenotype of axJ mice, including the decreased levels of 

monomeric ubiquitin and motor deficits, could be rescued by transgenic neuronal expres-

sion of recombinant Usp14 (Crimmins et al., 2006). 

 

Ataxin-3 transgenic mice 

One of the polyQ diseases with a direct link to the UPS is Machado-Joseph disease, also 

known as SCA-3. This disease is characterized by progressive motor problems due to mo-

tor neuron defects. This most common autosomal dominant ataxia is caused by an expan-

sion of the polyQ repeat in the ataxin-3 (ATXN3) gene. Neuropathologically, neuron loss 

is present in the spinal cord and in several brain regions, such as the brainstem and basal 

ganglia. IBs are found in the surviving neurons, containing aggregated mutant polyQ pro-

tein and UPS associated proteins including ubiquitin (reviewed in (Zoghbi and Orr, 

2000)). The normal ataxin-3 protein (with a polyQ repeat length of 12-41) was identified 

as a protein which binds to ubiquitin through UIM domains (Donaldson et al., 2003) and 

shows DUB activity, possibly in the N-terminal Josephin domain (Burnett et al., 2003). 

Mutant ataxin-3 has a polyQ repeat of 62-84 repeats. Due to alternative splicing, different 

isoforms of mutant ataxin-3 are formed (Ichikawa et al., 2001), including mjd1a (Ka-

waguchi et al., 1994) and ataxin-3c (Schmidt et al., 1998). 

In the first SCA-3 mouse models, expression of an mjd1a cleavage fragment contain-

ing an expanded polyQ stretch (Q79) induced motor deficiencies, including an ataxic phe-

notype and gait disturbance starting at 4 weeks of age, whereas expression of a control 

Q35 fragment as well as full-length mjd-Q79 did not induce any phenotype (Ikeda et al., 

1996). In the affected mice, the cerebellum was severely atrophic and neuronal Purkinje 

cell loss was observed, while the cortex morphology appeared normal without neuropa-

thology. It should be noted that in this model transgene expression was driven by the L7 

promoter, giving rise to high expression levels in cerebellar Purkinje cells (Ikeda et al., 

1996). However, in human SCA-3 pathology the affected cerebellar cells are mainly lo-

cated in the dentate nuclei (Koeppen, 2005) and no neuronal IBs are found in Purkinje 

cells (Koyano et al., 2002). 

This mjd1a cleavage fragment was not found in a transgenic model expressing a YAC 

construct encoding the full-length ATXN3 gene with an expanded polyQ stretch and flank-



30 

CHAPTER I 

ing genomic DNA sequences (Cemal et al., 2002). In diseased mice, the normally pre-

dominantly cytoplasmic ataxin-3 protein was relocated to neuronal ubiquitinated intranu-

clear IBs in the pontine and dentate nucleus, two areas affected by SCA-3. Areas not im-

plicated in SCA-3 pathology (e.g. hippocampus and striatum) were devoid of IBs. In the 

mice with an expanded polyQ stretch, motor deficiencies were accompanied by degenera-

tion of the dentate and pontine nuclei and slight atrophy of the Purkinje cell layer (Cemal 

et al., 2002). Generally, the phenotype in this model was milder and showed slower pro-

gression than in the mjd1a-Q79 cleavage model. 

More recently a third transgenic model for SCA-3 was presented that expressed high 

levels of normal (Q20) or expanded (Q71) full length human mjd1a in the brain and spinal 

cord (Goti et al., 2004). The mjd1a-Q71 mice showed SCA-3-like pathology, including 

motor deficits, neuronal intranuclear inclusions and cell loss in the SN. These mice also 

showed weight loss accompanied by a decreased life-span. An ataxin-3 mjd1a cleavage 

fragment still containing the polyQ stretch was detected in the brains of the mjd1a-

Q71mice. Notably, there was an abundance of the cleavage fragment in affected mjd1a-

Q71 transgenic mice compared to mjd1a-Q71 mice with a normal phenotype (Goti et al., 

2004), which showed the toxicity of the fragment. It could be that this cleavage fragment 

recruits the full-length protein into the aggregates in vivo the same way it does in vitro 

(Haacke et al., 2006). The normal ataxin-3 protein is ubiquitinated and degraded by the 

UPS (Matsumoto et al., 2004; Berke et al., 2005) and has two or three functional UIMs 

mediating binding of the protein to ubiquitin chains. These UIMs are required and suffi-

cient to localize ataxin-3 into aggregates in vitro (Donaldson et al., 2003). In Drosophila, 

the normal ataxin-3 function paradoxically protects against polyQ-induced neurodegen-

eration by diminishing the aggregation of the mutant ataxin-3 protein. This process re-

quires an intact protease domain and UIMs of ataxin-3 and depends on normal proteasome 

function, indicating that the UPS mediates this protective effect (Warrick et al., 2005). 

 

Ube3a transgenic mice 

The UBE3A gene encodes for one of the first E3 ubiquitin ligases discovered, the ubiq-

uitin-protein ligase E3A (E6-AP), which promotes degradation of several proteins includ-

ing the p53 tumor suppressor protein in complex with the E6 viral protein (reviewed in 

(Glickman and Ciechanover, 2002)). In Angelman Syndrome (AS), a neurological disor-

der associated with severe mental retardation, motor problems and seizures, the human 

UBE3A locus is mutated (by a maternal deletion) (Kishino et al., 1997). The chromosomal 

region where the UBE3A gene resides is subject to genomic imprinting, i.e. specific ex-

pression of the gene according to parental origin. In mice, this mechanism leads to expres-

sion of primarily the maternal allele in several brain regions, including the hippocampal 

neurons and Purkinje cells (Albrecht et al., 1997). 
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The two best-characterized mouse models with an AS phenotype are maternally defi-

cient (m-/p+) for Ube3a. In the AS model developed by Jiang et al., the m-/p+ mice did 

not show gross phenotypic abnormalities, but displayed motor dysfunction with varying 

severity (Jiang et al., 1998). Also seizures were more readily induced in the m-/p+ mice or 

in mice with a total deficiency of Ube3a, as well as continuous abnormalities in EEG re-

cordings in awake active mice. Ube3a protein expression was absent from the hippocam-

pal neurons and Purkinje cells in m-/p+ mice, where this was not the case in wild-type or 

m+/p- mice, indicating that, indeed, the maternal allele is essential for expression in these 

brain regions. The hippocampus is important in learning and memory formation; there-

fore, context-dependent memory and LTP were measured in these mice (Jiang et al., 

1998). Indeed, the m-/p+ mice were deficient in a fear-conditioning paradigm for context-

dependent memory and showed a defective LTP response, possibly through increased 

phosphorylation of the calcium/calmodulin-dependent protein kinase II, a protein involved 

in calcium-dependent signal transduction pathways needed for LTP induction (Weeber et 

al., 2003). This is also exemplified by the rescue of the AS phenotype in Ube3a m-/p+ 

mice by introducing a mutation preventing the increased inhibitory phosphorylation of 

CamKIIα (van Woerden et al., 2007). In addition, the ubiquitination substrate for E6-AP, 

p53, was increased in the cytoplasm of hippocampal and cerebellar neurons (Jiang et al., 

1998). 

Similar results were found in a Ube3a maternal deficient AS model by Miura et al.; 

these mice also showed learning deficits, EEG abnormalities and motor dysfunction 

(Miura et al., 2002), as well as sleep disturbances in baseline conditions or after sleep 

deprivation (Colas et al., 2005) and altered Purkinje cell firing (Cheron et al., 2005). The 

only discrepancy between these two mouse models is the absence of p53 accumulation in 

the model by Miura et al. The origin of this difference is not yet fully understood, al-

though it indicates that p53 degradation is not essential to the AS phenotype (Miura et al., 

2002). The AS mouse models show that the UPS plays an important role in learning and 

memory, and in LTP formation in mice. Due to Ube3a loss of function, ubiquitination and 

subsequent degradation of as yet unidentified Ube3a substrates might be defective, as was 

shown for p53, which could influence learning and memory. 

 

Other UPS defective models for neurodegeneration 

Prion disease and mahoganoid mutant mice 

Mutations in the prion protein gene are causative for several forms of spongiform neu-

rodegeneration, including Creutzfeld-Jacob disease. The mutations cause conformational 

changes in the prion protein (PrP), leading to the misfolded PrP-scrapie variant (PrPsc), 

accumulating in extracellular prion-amyloid aggregates, accompanied by neuronal death, 

spongiform vacuolation and astrogliosis. There are several indications that the pathogene-
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sis of prion disease is modulated by the UPS: (1) PrP can be ubiquitinated and is possibly 

an ERAD substrate (Yedidia et al., 2001), (2) UPS inhibition promotes aggregation of 

mutant PrP and also (3) promotes a cytosolic conversion of wild-type PrP to mutant PrP in 

vitro (Ma and Lindquist, 2002; Ma et al., 2002). In addition, (4) prion infection reduces 

proteasome activity in vitro and in vivo (Kristiansen et al., 2007). 

A null-mutation in the mouse Mgrn1 gene, responsible for the coat color mutation 

mahoganoid, leads to a phenotype resembling prion disease neuropathology, including 

progressive spongiform neurodegeneration starting from 2 months of age. Vacuolation of 

the grey matter and astrogliosis begin around 11-12 months. No accumulation of PrPsc 

was observed in these mice. The Mgrn1 (mahogunin) mRNA has 4 isoforms which ex-

press a RING domain, possibly identifying mahogunin as a RING-E3 ubiquitin ligase. 

Indeed, mahogunin exhibits E3 ligase activity in vitro, suggesting that defective substrate 

ubiquitination might underlie the prion disease phenotype in vivo (He et al., 2003). When 

these Mgrn1 null mutant mice were analyzed for changes in protein expression, many 

mitochondrial proteins showed reduced expression levels. Indeed, mitochondrial activity 

was decreased, leading to mitochondrial dysfunction in animals by 1 month of age. Sev-

eral other proteins were upregulated in the brain of these mutant mice. Possibly these pro-

teins are normally targets for Mgrn1-mediated ubiquitination and subsequent proteasomal 

degradation (Sun et al., 2007). 

 

CHIP KO mice 

The CHIP protein directly connects the chaperone system and the UPS with neurodegen-

eration. CHIP facilitates proteasomal degradation of Hsp70 bound phospho-tau through its 

E3 ligase activity (Petrucelli et al., 2004). The majority of CHIP KO mice (Dai et al., 

2003) showed a motor deficit, were smaller than wild-type littermates and died prema-

turely on day 30-35 (Dickey et al., 2006). In these symptomatic CHIP KO mice the Hsp70 

levels were decreased. The levels of soluble phospho-tau and total tau were significantly 

increased, confirming a role for CHIP in turnover of tau protein. Poly-ubiquitinated tau 

was absent in the CHIP KO model, even though the phospho-tau levels were high. Abnor-

mal tau accumulation consisted of phospho-tau species, but not the conformationally al-

tered tau which is seen in, for instance, AD. 

In this model, CHIP proved to be essential for ubiquitination and degradation of phos-

pho-tau. This model could be useful to dissect the role of the chaperone system in tau-

related neurodegeneration in human, where the balance between phosphorylation of tau 

and ubiquitin-dependent degradation of phospho-tau is possibly regulated by CHIP. In 

disease, a diminished UPS function or increased levels of abnormally phosphorylated tau 

could disturb this balance. The levels of ubiquitinated phospho-tau then exceed the protea-

some capacity for degradation, and ubiquitination of phospho-tau by CHIP will now me-

diate the aggregation of these tau species into ubiquitin-positive stable aggregates. The 
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latter mechanism might protect neuronal cells against the excess of possibly toxic soluble 

(hyper-) phospho-tau species (Dickey et al., 2006). 

 

Lmp2 KO mice 

In a mouse model lacking functional expression of the low mass protein 2 (Lmp2, Psmb9) 

β1i subunit of the immuno-proteasome, no substantial abnormalities were found. Protea-

some activity levels in the brain remained unchanged, although changes in activity were 

observed in peripheral tissues (Van Kaer et al., 1994). Recently, proteasomal activity of 

Lmp2 KO brain tissue was studied in more detail, showing a lower chymotrypsin and pep-

tidyl-glutamyl-peptide hydrolyzing activity at 4 months of age, as well as a more robust 

age-related decline in 20S and 26S proteasome activity at 12 months of age (Ding et al., 

2006). At 3-4 months, these mice showed enhanced motor function accompanied by an 

increase in body weight. A direct correlation between loss of the Lmp2 proteasome sub-

unit and the increase in motor function remains unclear (Martin et al., 2004). 

 

Atg KO mice 

Recently it was shown that disturbance of the autophagy system can also induce a neu-

rodegenerative phenotype. Autophagy is a process involved in bulk protein turnover and 

is especially important for nutrient supply during starvation. Constitutive basal autophagy 

also plays a role in degradation of cytosolic proteins, as does the UPS, and declined macro

-autophagy as well as chaperone mediated autophagy are implicated in neurodegenerative 

disease (reviewed by (Nixon, 2006)). In mice deficient for neuronal autophagy-related 7 

protein (Atg7, (Komatsu et al., 2006)) or autophagy-related 5 (Atg5, (Hara et al., 2006)) 

autophagy was impaired in cells of neural lineage. These mice showed a neurodegenera-

tive phenotype, including motor deficits and massive neuron loss in several brain areas. 

Strikingly, in both the Atg7 and the Atg5 KO mice IBs containing ubiquitinated proteins 

appeared in a time-dependent manner, preceded by accumulation of ubiquitinated diffuse 

abnormal proteins in the Atg5 KO mice and without altering proteasome function in the 

Atg7 KO mice. 

These two mouse models show that the autophagic pathway is important for maintain-

ing intracellular homeostasis and that age-dependent accumulation of ubiquitinated pro-

teins occurs even when the UPS is fully functional. Currently it is still undetermined if the 

UPS and autophagy operate separately or cooperatively in removing proteins from the 

intracellular environment in these mice (Hara et al., 2006; Komatsu et al., 2006). Con-

versely, UPS inhibition can induce autophagy in cell culture and also in Drosophila, pos-

sibly to alleviate ER stress induced by proteasome impairment (Ding et al., 2007; Pandey 

et al., 2007). In addition, autophagy was shown to be the compensatory degradation sys-

tem for UPS impairment in a Drosophila model for the neurodegenerative disease spino-

bulbar muscular atrophy (Pandey et al., 2007). 
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Table 2     Mouse models for neurodegeneration with a defective UPS 

Model Mutation Function Neuropathology Reference(s) 

parkin 

KO 

parkin 

Δexon 3  

RING-E3 striatal DA level ↑, striatal synaptic excit-

ability ↓, motorfunction ↓, levels of parkin 

substrates unaltered 

(Goldberg et al., 

2003) 

decreased mitochondrial function (Palacino et al., 2004) 

parkin 

Δexon 3 

RING-E3 limbic DA level ↑, limbic DA metabolism 

↑, striatal DA transporter levels ↓, hippoc. 

glutamate release inhibited, motorfunct. ↓ 

(Itier et al., 2003) 

protein levels of parkin substrates ↑, altered 

levels of UPS proteins 

(Periquet et al., 2005) 

parkin 

Δexon 7 

RING-E3 noradrenalin in spinal cord & olf bulb ↓, 

acoustic startle response ↓, catecholaminer-

gic neuron loss in locus coeruleus 

(Von Coelln et al., 

2004) 

levels of parkin substrate p38/JTV-1 ↑, 

other substrates unaltered 

(Ko et al., 2005) 

parkin 

Δexon 2 

RING-E3 no DA or behavioral phenotype (Perez and Palmiter, 

2005) 

quaking1 RING-E3 demyelinisation of CNS (Sidman et al., 1964) 

striatal DA receptor level ↑, DA 

metabolism ↑, motorfunction ↓ 

(Nikulina et al., 1995) 

noradrinergic neurons in locus coeruleus ↑ (Le Saux et al., 2002) 

          
Uchl1 

KO 

gad1, 

Uchl1 

Δexon 7-8 

DUB sensory ataxia, locomotor deficits, prema-

ture death (6 months), axonal dystrophy of 

the gracile tract, gracile nucleus degenera-

tion 

(Yamazaki et al., 

1988) 

  diffuse APP and Aβ accumulation (Ichihara et al., 1995)  

ubiquitin dot-like inclusions (Wu et al., 1996) 

proteasome immunoreactivity ↑ (Saigoh et al., 1999) 

mono-ubiquitin levels ↓ (Osaka et al., 2003) 

  
UCHL1 

mutant 

UCHL1 

I93M 

DUB DA neuron loss in SN, striatal DA levels ↓, 

ubiquitin/UCHL1 positive inclusions, mo-

torfunction ↓ 

(Setsuie et al., 2007) 

          
Uchl3 

KO 

Uchl3 

Δexon 3-7 

DUB no gross phenotypic abnormalities (Kurihara et al., 2000) 

abnormal dorsal root ganglion cells, dys-

trophic axons 

(Kurihara et al., 2001) 

spatial learning and memory deficits (Wood et al., 2005) 

          
Usp14 

KO 

ataxia1, 

Usp14 

IAP 

exon 5 

DUB neurological deficits; tremor, paralysis, 

premature death (6-10 weeks), slight abnor-

malities CNS morphology 

(D'Amato and Hicks, 

1965) 

synaptic transmission NMJ and hippoc. ↓ (Wilson et al., 2002) 

mono-ubiquitin levels ↓ (Anderson et al., 

2005) 
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Table 2     Mouse models for neurodegeneration with a defective UPS (continued) 

Model Mutation Function Neuropathology Reference(s) 

ataxin3 

mutant 

mjd1a-

Q79 frag-

ment 

DUB motorfunction ↓, cerebellar atrophy, Pur-

kinje cell loss 

(Ikeda et al., 1996) 

ataxin-3 

polyQ 

YAC 

DUB motorfunction slightly ↓, pontine & dentate 

nucleus atrophy, ubiquitin positive inclu-

sions 

(Cemal et al., 2002) 

mjd1a-

Q71 

DUB motorfunction ↓, ubiquitin positive inclu-

sions, neuron loss in SN, premature death, 

mjd1a cleavage fragment detected 

(Goti et al., 2004) 

          
Ube3a 

KO 

Ube3a 

Δexon 2 

(maternal) 

HECT- 

E3 

motorfunction ↓, inducible seizures, EEG 

abnormalities, protein levels of Ube3a sub-

strate p53↑, learning and memory deficits, 

LTP↓ 

(Jiang et al., 1998) 

misregulation of hippocampal CamKIIα (Weeber et al., 2003) 

Ube3a 

Δexon 

15-16 

(maternal) 

HECT- 

E3 

motorfunction ↓, EEG abnormalities, unal-

tered protein levels of Ube3a substrate p53, 

learning and memory deficits 

(Miura et al., 2002) 

sleep disturbances (Colas et al., 2005) 

altered Purkinje cell firing (Cheron et al., 2005) 

          
Mgrn1 

KO 

mahogan-

oid non-

agouti 

curly1, 

Mgrn1 

mutation 

intron 9 

RING-E3 progressive spongiform neurodegeneration, 

vacuolation of gray matter, astrogliosis from 

11-12 months 

(He et al., 2003) 

mitochondrial dysfunction (Sun et al., 2007) 

          
CHIP 

KO 

CHIP 

Δexon 1-3 

U-box E3 premature death (5 weeks), motorfunction ↓, 

soluble phospho-tau and total tau ↑, absence 

of poly-ubiquitinated tau 

(Dickey et al., 2006) 

          
Lmp2 

KO 

Lmp2 

Δexon 2 /

intron 2 

(partial) 

20S β1-

immuno 

subunit 

proteasome activity ↓, protein oxidation ↑ (Ding et al., 2006) 

motor function ↑ (Martin et al., 2004) 

          
Atg5 

KO 

Atg5 

Δexon 3 

autoph. 

enzyme 

motorfunction ↓, massive neuron loss, ubiq-

uitin positive inclusions, diffuse accumula-

tion of ubiquitinated proteins 

(Hara et al., 2006) 

     
Atg7 

KO 

Atg7 

mutation 

exon 14 

autoph. 

enzyme 

motorfunction ↓, massive neuron loss, ubiq-

uitin positive inclusions 

(Komatsu et al., 

2006) 

1 spontaneous mutant 
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Mouse models to measure UPS activity in vivo 

Correlation of proteasome activity with genetic or pharmacological manipulation in 

mouse models for neurological diseases can also specify the role of the UPS. The activity 

of the UPS may be monitored using fluorescent substrates, e.g. by monitoring proteolytic 

cleavage of small fluorogenic substrates. Various probes have been developed for the 

three different catalytic activities of the proteasome. Most of these substrates are directly 

processed by the 20S core, without the necessity of the 19S particle and do not require 

ubiquitination for degradation. The total proteasome content of a sample may also influ-

ence the level of measured activity. A second method of measuring UPS activity is moni-

toring the turnover of well-defined endogenous substrates of the UPS. In this case, the 

proteasome has to be fully assembled to degrade these substrates. It should be taken into 

account that proteasome activity is time and cell type-specific and also depends on the 

ubiquitination capacity (reviewed in (Lindsten and Dantuma, 2003)). Another caveat is 

that these substrates should be properly ubiquitinated and that they are translation depend-

ent. There are indications that inhibition of the proteasome also affects protein synthesis 

(Ding et al., 2006), possibly affecting turnover of these substrates. 

Vast progress was made in measuring UPS activity by the development of fluores-

cently tagged UPS reporter substrates (reviewed by (Neefjes and Dantuma, 2004)). These 

short-lived substrate proteins contain an artificial degron and are degraded by the protea-

some. When the UPS is inhibited, these fluorescent substrates will accumulate and may be 

directly visualized and quantitatively analyzed (Table 3). Dantuma et al. developed vari-

ous fluorescent reporter substrates by generating ubiquitin-green fluorescent protein 

(GFP) fusion proteins with a short half-life, which are based on the N-end rule degron. A 

UFD substrate was developed as well, by attaching an uncleavable ubiquitin moiety to 

GFP. In this case, the ubiquitin acts as an acceptor for additional ubiquitin moieties form-

ing a K48 linked chain, after which the whole construct, including the GFP, is efficiently 

targeted for proteasomal degradation. These substrates (e.g. Ub-R-GFP and UbG76V-GFP) 

give very low background fluorescence in living cells and accumulate readily after treat-

ment with UPS inhibitors (Dantuma et al., 2000). Analogous to these GFP-based sub-

strates, various types of substrates with a yellow fluorescent protein (YFP) tag have also 

been developed, including a YFP-tagged ERAD substrate based on the T-cell receptor 

subunit CD3δ, an N-end rule substrate, a UFD substrate and a substrate containing a CL-1 

degron (Menendez-Benito et al., 2005), based on the previously described GFP-CL1 

(Bence et al., 2001). By developing a transgenic mouse line ubiquitously expressing the 

UbG76V-GFP construct, it also became feasible to monitor UPS activity in vivo. Transgene 

expression was confirmed in many tissues ranging from heart to brain tissue, the latter 

shown by accumulation of the reporter in cultured primary neurons after treatment with 

proteasome inhibitor and after infection with UBB+1 (Lindsten et al., 2003); this also oc-

curred in cortical organotypic cultures of these transgenic mice (van Tijn et al., 2007). 
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Using this transgenic model, the role of the UPS can be analyzed in vivo and further eluci-

dated by cross breeding this line with neurodegenerative mouse models. One of the first 

examples hereof is a study by Bowman et al., in which the UbG76V-GFP mice were 

crossed with a transgenic model for SCA-7, showing that in UbG76V-GFPxSCA7 mice, IBs 

were not directly linked to UPS inhibition (Bowman et al., 2005). 

Another reporter based on the UFD degradation signal is a β-lactamase fused to two 

UbG76V moieties. This reporter has an in vitro half-life of less than 10 minutes, which de-

creases even further when more uncleavable ubiquitins are added to the construct (Stack 

et al., 2000). This mechanism of creating a degradation signal by fusing UbG76V moieties 

to a substrate was also true for GFP and pro-caspase-3, making this poly-ubiquitin signal a 

Table 3     UPS reporter constructs 

UPS Reporter 

Construct 

Degrada-

tion Signal 

Reporter 

Molecule 

Tg 

Line 

Comments Reference(s) 

Ub-R-GFP; 

Ub-L-GFP 

N-end rule GFP     (Dantuma et al. 2000) 

Ub-P-GFP; 

UbG76V-GFP 

UFD GFP yes   (Dantuma et al. 2000); 

(Lindsten et al. 2003) 

            
Ub-R-YFP N-end rule YFP     (Menendez-Benito et al. 

2005) 

UbG76V-YFP UFD YFP     (Menendez-Benito et al. 

2005) 

CD3δ-YFP ERAD  

substrate 

YFP     (Menendez-Benito et al. 

2005) 

YFP-CL1 C-terminal 

CL1-degron 

YFP     (Menendez-Benito et al. 

2005) 

            
polyUb-β-

lactamase 

UFD β-lactamase-

CCF2 

    (Stack et al. 2000) 

            
Ub-FL UFD firefly 

luciferase 

  in vivo UPS 

imaging 

(Luker et al. 2003) 

            
GFPu C-terminal 

CL1-degron 

GFP     (Bence et al. 2001) 

GFPdgn C-terminal 

CL1-degron 

GFP yes   (Kumarapeli et al. 2005) 

            
EGFP-HC 

(GFP-HLA-A2) 

ERAD GFP   when co-

expressed with 

viral US11 

(Kessler et al. 2001);

(Fiebiger et al. 2002) 

            
6xHisUb/GFP -   yes (Tsirigotis et al. 2001) 

for monitoring 

ubiquitination  
6xHisUbK48R/GFP - GFP, histidine yes (Zhang et al. 2003) 

6xHisUbK63R/GFP -   yes (Zhang et al. 2003) 
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general applicable mechanism to tag proteins for degradation (Stack et al., 2000). A simi-

lar model involving this principle employs a firefly luciferase-based reporter (Ub-FL) of 

which the N-terminus is fused to four UbG76V moieties (Luker et al., 2003). Luker et al. 

showed that this reporter is degraded in cell lines, unless the UPS was inhibited. In Ub-FL 

xenografts re-implanted in mice, the background fluorescence was nearly undetectable. 

After treatment with clinically relevant doses of the UPS inhibitor bortezomib (used to 

treat multiple myeloma) UPS inhibition was visualized in vivo by measuring the biolumi-

nescence of the Ub-FL xenografts. This approach also allowed multiple measurements of 

UPS activity over time (Luker et al., 2003), since the measurement can be performed with 

a lumino-scanner in living animals. 

Besides these N-end rule and UFD based UPS reporters, also other UPS reporter con-

structs have been developed, such as the GFP-tagged ERAD substrate MHC class 1 heavy 

chain, when co-expressed with the human cytomegalovirus proteins US2 or US11 

(Kessler et al., 2001; Fiebiger et al., 2002) and the UPS reporters based on the 16 amino 

acid long CL-1 degron fused to the C-terminus of GFP (Bence et al., 2001; Kumarapeli et 

al., 2005). Using this latter CL-1 reporter (GFP-unstable; GFPu), which has a protein half-

life of 20-30 minutes, it was shown that protein aggregation induced by expression of a 

huntingtin fragment with an expanded polyQ repeat or a folding mutant involved in cystic 

fibrosis lead to accumulation of the GFPu reporter, indicating impairment of the protea-

some (Bence et al., 2001). On the other hand, it was shown in a different study, using the 

previously mentioned UbG76V-GFP and Ub-R-GFP reporters, that aggregate formation of 

polyQ proteins did not induce accumulation of these reporters (Verhoef et al., 2002). This 

discrepancy between the two reporter systems indicates that both might respond to a 

blockade of different components of the UPS pathway. Using GFPu it was also shown 

that, in cell lines, overexpression of PD-related mutant α-synuclein decreased UPS activ-

ity and increased the sensitivity to proteasome inhibition, an effect rescued by the E3 

parkin (Petrucelli et al., 2002). In a transgenic line expressing a similar GFP reporter 

(GFPdgn), accumulation of GFP was present in many tissues after intravenous and intrap-

eritoneal injection with the UPS inhibitor MG262. However, in contrast to the UbG76V-

GFP transgenic mice, a significant level of background baseline fluorescence was de-

tected. This makes it possible to study not only UPS impairment by measuring accumula-

tion of GFP, but also activation of the UPS, by observing decreases in GFP levels 

(Kumarapeli et al., 2005). 

Furthermore, models have been engineered for monitoring the ubiquitination process. 

Tsirigotis et al. developed a mouse model expressing a 6xHis-Ub/GFP fusion protein un-

der the UbC promoter to monitor protein ubiquitination. By analyzing epitope-tagged 

ubiquitin patterns and identifying the ubiquitinated proteins, more can be learned about 

general ubiquitination in vivo (Tsirigotis et al., 2001). In a similar fashion, transgenic lines 

were designed with 6xHisUbK48R/GFP or 6xHisUbK63R/GFP fusion constructs to study 
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defective K48 or K63 ubiquitination. Overexpressing UbK48R mediated a protective effect 

against viral insults (Zhang et al., 2003) and other cellular stressors (Gray et al., 2004), 

and delayed the onset of neurological disease symptoms in a familial amyotrophic lateral 

sclerosis mouse model (Gilchrist et al., 2005) and in a transgenic mouse model for SCA-1 

(Tsirigotis et al., 2006). 

 

Concluding remarks 

Evidently, the UPS fulfills an important role in maintaining neuronal homeostasis by 

regulating a variety of processes and by serving as a protein quality control mechanism to 

rid the cell of aberrant or misfolded proteins. The latter is of especial importance for the 

pathogenesis of neurodegenerative disease, where abnormal accumulation of proteins can 

be found in the disease hallmarks. In many of these proteinaceous aggregates, components 

of the UPS machinery and chaperone proteins are present, indicating a direct link between 

the UPS and disease. Furthermore, the decreases in proteasome activity, found in, for in-

stance, AD and PD, and the increasing evidence for ubiquitin modification of disease-

related proteins, point to an important role for this system in neuropathogenesis. In spo-

radic forms of neurodegenerative disease it is not yet fully understood if malfunctioning 

of the UPS is a result of the disease progression or if it is an initial factor in disease onset. 

This issue is further complicated by the fact that many disease-related proteins are also 

ubiquitin-modified in a non-diseased state to exert their normal function or to regulate 

their half-life. The diversity of possible ubiquitin linkages on substrates, including 

(multiple) mono-ubiquitination and K48-linked and K63-linked poly-ubiquitination, also 

adds to the complexity of the role of the UPS in neurodegenerative disease. 

The current advancements towards resolving the fundamental mechanisms of protea-

somal degradation in vivo, using the increasing diversity of UPS model systems, will con-

tribute to unraveling the role of the UPS in neuropathogenesis and in the pathogenesis of 

many other diseases. Further research could also elucidate if there are means by which 

altering the UPS with chemical compounds, such as UPS inhibitors, or by silencing spe-

cific components of the UPS machinery, might alter disease progression in a favorable 

way (Hol et al., 2006). 
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SCOPE 

Scope and outline of this thesis 

The ubiquitin-proteasome system (UPS) is of vital importance for maintaining intracellu-

lar homeostasis, as it is the main regulated pathway for degradation of aberrant, misfolded 

and short-lived proteins. Increasing evidence suggests that impairment of this pathway is 

involved in the pathogenesis of a broad array of neurodegenerative disorders, which are 

characterized by ubiquitin-positive protein aggregates. This is further exemplified by a 

range of murine models, wherein mutations in components of the UPS can induce a neu-

rological phenotype, reviewed in Chapter 1. 

Another compelling indication for malfunctioning of the UPS in neurodegenerative 

disease is the accumulation of a mutant ubiquitin, UBB+1, in the neuropathological hall-

marks of tauopathies, including Alzheimer‟s disease (AD), and in the hallmarks of Hunt-

ington‟s disease. The aim of this thesis is to dissect the effects of UBB+1 on UPS function 

and relate this to neurodegenerative disease in vitro and in vivo. 

In Chapter 2, we characterize the in vitro properties of UBB+1 regarding proteasome 

activity in cell lines and in organotypic cortex cultures. We demonstrate in a human cell 

line, using a green fluorescent based reporter for proteasome activity, that UBB+1 proper-

ties shift from proteasome substrate to a (reversible) proteasome inhibitor in a dose-

dependent manner. Also in mouse organotypic cortex slices, UBB+1 accumulation and 

subsequent UPS inhibition is present only at high expression levels. 

These findings are further corroborated in vivo in Chapter 3 and Chapter 4, where we 

describe the generation and characterization of transgenic mouse models neuronally ex-

pressing varying levels of UBB+1. We generated the high expression UBB+1 transgenic 

lines 3413 and 8630, showing accumulation of the UBB+1 protein mainly in the cortex, 

hippocampus and striatum, as described in Chapter 3. Although no overt neuropathology 

is present in these mice, line 3413 transgenic mice do show decreased cortical proteasome 

activity, accompanied by accumulation of ubiquitinated proteins and alterations in pro-

teins involved in energy metabolism or organization of the cytoskeleton. UBB+1 induced 

proteasome inhibition also gives rise to a moderate spatial memory deficit in the Morris 

watermaze and in Pavlovian fear conditioning at the age of 9 months. 

In Chapter 4, we describe the transgenic mouse line 6663, expressing low levels of 

UBB+1. Similar to our previous observations in vitro in Chapter 2, the UBB+1 protein is a 

substrate for proteasomal degradation at low expression levels in vivo and therefore, the 

UBB+1 protein is scarcely detectable in the brains of line 6663 transgenic mice. UBB+1 

accumulates only after intracranial administration of proteasome inhibitors. Using this 

transgenic line 6663, we also provide in vivo confirmation that UBB+1 accumulation 

serves as an endogenous marker for proteasome inhibition. 

The relation between UPS inhibition and cognitive behavior is further studied in 

Chapter 5. We show that the defect in spatial memory in the watermaze at 9 months of 
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age, described in Chapter 3, persists up to the age of 15 months. This defect is not accom-

panied by other gross neurological defects. Also motor coordination, assessed using the 

rotarod paradigm, is not affected in the 3413 UBB+1 transgenic mice up to the age of 15 

months. 

In Chapter 6, we study the effect of UBB+1 induced UPS inhibition on AD pathogene-

sis. Therefore, we crossed the 3413 transgenic mice with a transgenic mouse model for 

AD, expressing mutant amyloid precursor protein and mutant presenilin 1, showing cere-

bral amyloid deposition. By measuring the plaque burden in UBB+1/AD triple transgenic 

mice during aging, we demonstrate that UBB+1 induced proteasome inhibition signifi-

cantly decreases the plaque load in the cortex and dentate gyrus at 6 months of age com-

pared to AD control mice, without affecting the levels of UBB+1 accumulation. 

In Chapter 7, we critically discuss the results presented in this thesis and provide pos-

sible mechanisms for UBB+1 induced proteasome inhibition. In addition, pathways under-

lying the cognitive deficits of the UBB+1 transgenic mice are further addressed. Finally, 

the role of UBB+1 accumulation and concomitant proteasome inhibition is discussed in 

relation to human neurodegenerative disease and suggestions for future research are pro-

vided. 
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Summary 

The ubiquitin-proteasome system is the main regulated intracellular proteolytic pathway. 

Increasing evidence implicates impairment of this system in the pathogenesis of diseases 

with ubiquitin-positive pathology. A mutant ubiquitin, UBB+1, accumulates in the patho-

logical hallmarks of (i) tauopathies, including Alzheimer‟s disease, (ii) polyglutamine 

diseases, (iii) liver disease and (iv) muscle disease and serves as an endogenous reporter 

for proteasomal dysfunction in these diseases. UBB+1 is a substrate for proteasomal degra-

dation, however it can also inhibit the proteasome. Here, we show that UBB+1 properties 

shift from substrate to inhibitor in a dose-dependent manner in cell culture using an induc-

ible UBB+1 expression system. At low expression levels, UBB+1 was efficiently degraded 

by the proteasome. At high levels, the proteasome failed to degrade UBB+1, causing accu-

mulation of UBB+1 which subsequently induced a reversible functional impairment of the 

ubiquitin-proteasome system. Also in brain slice cultures, UBB+1 accumulation and con-

comitant proteasome inhibition was only induced at high expression levels. Our findings 

show that by varying UBB+1 expression levels, the dual proteasome substrate/inhibitory 

properties can be optimally employed to serve as research tool to study the ubiquitin-

proteasome system and to further elucidate the role of aberrations of this pathway in dis-

ease. 

 

Introduction 

The main function of the ubiquitin-proteasome system (UPS) is proteolytic degradation of 

target substrates, including aberrant and misfolded proteins, to maintain cellular homeo-

stasis (Glickman and Ciechanover, 2002). UPS-mediated post-translational regulation is 

also involved in many other cellular pathways such as transcription, DNA repair and en-

docytosis (Welchman et al., 2005). Ubiquitin (Ub) tags proteins for degradation through 

an enzymatic cascade, consisting of Ub activating (E1), Ub conjugating (E2) and Ub ligat-

ing (E3) enzymes. Via this pathway, a Ub is conjugated to internal lysine residues in sub-

strate proteins. Through the sequential addition of Ub molecules to the substrate-bound 

Ub, a poly-Ub tree is formed which targets the substrate protein for degradation by the 

26S proteasome (Glickman and Ciechanover, 2002; Pickart and Cohen, 2004). 

As the UPS is important for maintaining intracellular homeostasis, it is not surprising 

that impairment of the UPS has been observed to occur in the pathogenesis of numerous 

diseases, often demonstrated by the accumulation of Ub conjugates or other components 

of the UPS machinery in protein aggregates (Ciechanover and Brundin, 2003). One of the 

disease-specific proteins which accumulates is ubiquitin-B+1 (UBB+1), a mutant form of 

Ub formed by a di-nucleotide deletion in the mRNA of the ubiquitin B gene (van Leeu-

wen et al., 1998). Previous in vitro results showed that UBB+1 is ubiquitinated and appears 
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to be a protein with dual properties; on one hand it acts as a ubiquitin-fusion-degradation 

(UFD) substrate for the proteasome, on the other hand, it acts as a specific inhibitor of the 

proteasome (Lam et al., 2000; Lindsten et al., 2002). UBB+1 accumulation eventually 

leads to apoptotic cell death (De Vrij et al., 2001; De Pril et al., 2004) and induces expres-

sion of heat-shock proteins (Hope et al., 2003). 

In the diseased brain, UBB+1 accumulates in the neuropathological hallmarks of tau-

opathies; e.g. in neuronal tangles in Alzheimer‟s disease (AD), but also in astrocytes in 

progressive supranuclear palsy (Fischer et al., 2003; van Leeuwen et al., 2006). UBB+1 is 

also found in intranuclear inclusions characteristic for polyglutamine diseases (De Pril et 

al., 2004). Outside the nervous system, UBB+1 accumulates in the inclusion bodies of the 

muscle disease inclusion-body myositis (Fratta et al., 2004) and in Mallory bodies of 

chronic liver disease (McPhaul et al., 2002). We reported that UBB+1 mRNA is present in 

equal levels in non-demented control individuals compared to AD patients (Fischer et al., 

2003; Gerez et al., 2005). This suggests that the UBB+1 mRNA transcript is always pre-

sent. The UBB+1 protein, however, seems to be efficiently degraded in healthy control 

subjects. Through a decline in UPS activity, for example by aging or disease related proc-

esses, the degradation of the UBB+1 protein might be affected to such an extent that accu-

mulation of the protein commences. Therefore we have proposed that UBB+1 accumula-

tion can serve as an endogenous reporter for a decreased UPS activity (Fischer et al., 

2003). Once accumulated, UBB+1 can contribute to disease pathogenesis by inhibiting the 

UPS (e.g. (Hol et al., 2005)). It is conceivable that this accumulation of UBB+1 will only 

occur after exceeding a threshold level, causing a shift in the protein properties from pro-

teasome substrate to proteasome inhibitor. 

Indeed, results from the present study show that in human cell lines expressing induc-

ible UBB+1 levels, the UBB+1 protein is degraded by the 26S proteasome at low expres-

sion levels and accumulates only after exceeding a threshold level of expression. In addi-

tion, we show that UBB+1 exhibits dose-dependent UPS inhibitory properties. Our experi-

ments show that UBB+1 accumulation and subsequent UPS inhibition are both reversible 

processes. We further broadened the scope of these novel findings in cell lines to mouse 

organotypic cortex cultures, which closer resemble the human brain. In agreement with 

our in vitro results, UBB+1 accumulation leads to successive inhibition of the UPS in these 

organotypic cultures only after surpassing a threshold level of expression. In conclusion, 

UBB+1 is a protein which can be used as reporter for UPS activity as well as a highly se-

lective dose-dependent UPS inhibitor by differentiating the levels of expression using 

(inducible) vectors with varying promoter constructs. 
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Materials and methods 

Plasmid construction and viral constructs 

Ub, UBB+1 and UBB+1K29,48R open reading frames were cloned in pcDNA3 (Invitrogen) as 

described earlier (Lindsten et al., 2002). For the Tet-off inducible expression system the 

UBB+1 open reading frame was cloned downstream of the TRE-minimal cytomegalovirus 

immediate early (CMV) sequence of a Tet-off expression vector (pRevTRE; Clontech) 

into pcDNA3 and co-transfected with pRevTet-Off (Clontech). First generation recombi-

nant adenoviral vectors Ad-UBB+1 and Ad-Ub were generated, purified and titered as de-

scribed elsewhere (Hermens et al., 1997; De Vrij et al., 2001). Adenoviral vectors were 

based on the Ad5 mutant dl309 (Jones and Shenk, 1979) and employed the CMV pro-

moter to drive transgene expression. Titration of double CsCl gradient-purified Ad-CMV-

UBB+1 and Ad-CMV-Ub on the permissive cell line 911 (Fallaux et al., 1996) revealed 

titres of 1x109 plaque forming units/ml. Lentiviral vectors were generated by cloning 

DNA encoding Ub-M-GFP, UbG76V-GFP, UBB+1 or UBB+1K29,48R into the lentiviral trans-

fer plasmid pRRLsin-ppThCMV. Lentivirus was produced according to Naldini et al. 

(Naldini et al., 1996) and harvested and titered as described previously using a HIV-1 p24 

coat protein ELISA (NEN Research, Boston, USA) (De Pril et al., 2004). Virus titres were 

correlated to titres determined by counting GFP fluorescent cells of an LV-Ub-M-GFP 

stock. In this way titres of adenoviral and lentiviral stocks could be correlated. 

 

Cell lines and transfections 

The human cervical epithelial carcinoma cell line HeLa stably transfected with UbG76V-

GFP (Dantuma et al., 2000) was cultured in high-glucose Dulbecco‟s modified Eagle me-

dium, containing 10% FCS, supplemented with 100 U/ml penicillin and 100 µg/ml strep-

tomycin (all Gibco). Stable cell line HeLa UbG76V-GFP was maintained on 60 µg/ml ge-

neticin (G418; Gibco) selection. For Western blot and flow cytometry, HeLa UbG76V-GFP 

cells were plated on 6 or 12-wells plates with 1x105 cells/well or 0.5x104 cells/well re-

spectively one day prior to transfection. Cells were transiently transfected with the cal-

cium-phosphate method using 1 µg/ml DNA per vector. Where mentioned doxycycline 

(Sigma-Aldrich) treatment was applied 16 hours after transfection. Samples were har-

vested 48 hours after continuous doxycycline treatment, unless stated otherwise. Where 

indicated cells were additionally treated with the proteasome inhibitors MG132 (1 µM; 

Affiniti Research) or epoxomicin (100 nM; Affiniti Research) for 16 hours before samples 

were taken. 
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Western blotting 

For Western blotting, cells pellets were resuspended in suspension buffer (0.1 M NaCl, 

0.01 M Tris-HCl pH7.6, 1 mM EDTA, 1 mM PMSF, 10 µg/ml leupeptin) and lysed by 2 

x 20 s sonification. Total protein content was quantified by Bradford measurement, equal 

protein amounts were fractionated by SDS-PAGE and blotted semi-dry to nitrocellulose 

filter (Schleicher and Schuell, Germany). UBB+1 was detected using rabbit polyclonal anti

-UBB+1 antibody (Ub3 serum; 05/08/97; 1:1000 overnight (De Vrij et al., 2001)) and sec-

ondary swine anti-rabbit HRP (Dako; 1:1000) diluted in Supermix (0.05 M Tris-HCl, 

0.9% NaCl, 0.25% gelatine and 0.5% Triton-X-100, pH7.4). Blots were developed by 

enhanced chemoluminescence (Lumilight ECL, Perkin Elmer, USA). 

 

Flow cytometry 

For flow cytometry, cell suspensions were fixed in 4% formalin in PBS, and resuspended 

in PBS-0.5% bovine serum albumin (Roche). GFP could be directly visualized, for UBB+1 

cytometry cells were stained with primary antibody anti-UBB+1 (Ub3 serum; 1:500) and 

secondary antibody anti-rabbit Cy5 (Jackson ImmunoResearch; 1:400). Analysis was per-

formed on at least 10000 cells per sample with a flow cytometer (FACSCalibur, Becton 

Dickinson Biosciences); data were analyzed using CellQuest software (Becton Dickinson 

Biosciences). 

 

Organotypic cortex slice cultures 

C57Bl/6 or C57Bl/6 UbG76V-GFP/2 tg mice (Lindsten et al., 2003) were decapitated at 

post-natal day 5; the brain was transferred to ice cold Gey‟s Balanced Salt Solution 

(Sigma-Aldrich) containing 5.4 mg/ml glucose, 100 U/ml penicillin and 100 μg/ml strep-

tomycin (all Gibco). After removal of the meninges, the fronto-parietal part was sliced 

into 300 µm coronal sections per hemisphere using a tissue chopper (McIlwain). The first 

four slices were discarded. Slices were cultured on an air-fluid interface on culture plate 

inserts (Millipore; 0.4 µm pore; 30 mm diameter; 3 cultures per insert) on medium con-

taining 50% Minimum Essential Medium alpha, 25% HBSS, 25% horse serum, 6.5 mg/ml 

glucose, 2 mM glutamine (all Gibco) and penicillin/streptomycin (100 U/ml, 100 μg/ml). 

Viral transduction of cultures was achieved by applying 1x106 transducing units of virus 

in a 10 µl droplet of culture medium on top of the slices. Treatment with epoxomicin (1 

µM; Affiniti Research) or MG132 (10 µM; Affiniti Research) was performed in the same 

manner. Inhibitors were applied for 6 hours and subsequently left on or washed out over-

night. Slices were stained free floating with rabbit polyclonal anti-UBB+1 (Ub3 serum; 

1:1000), rabbit polyclonal anti-GFAP (DAKO; 1:4000), monoclonal anti-GFP (Chemicon; 

1:500) and monoclonal NeuN (Chemicon; 1:400) diluted in Supermix, followed by Cy2 
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and Cy3 staining (Jackson ImmunoResearch; 1:800) Nuclei were visualised with TO-PRO

-3 (Molecular Probes; 1:1000). Subsequently, slices were mounted in mowiol (0.1 M Tris-

HCl pH8.5, 25% glycerol, 10% w/v Mowiol 4-88) images were acquired using confocal 

laser scanning microscopy (Zeiss 510) and accompanying software (Zeiss LSM Image 

Browser). 

 

Results 

UBB+1 accumulates at high expression levels 

We hypothesized that the previously described opposing properties of UBB+1 (Lindsten et 

al., 2002; Hol et al., 2005) can be explained by a dose-dependent shift from UPS substrate 

to inhibitor. In this study we quantified this effect in living cells using a HeLa cell-line 

stably expressing the UbG76V-GFP UPS reporter (Dantuma et al., 2000). Inducible levels 

of UBB+1 expression were achieved using the Tet-off gene-expression system. UBB+1 

protein expression levels were analyzed with Western blot (Fig. 1) and UbG76V-GFP re-

porter accumulation was measured in the same sample using flow cytometry (Fig. 2). 

HeLa cells were transiently transfected with the UBB+1 Tet-off constructs and after 16 

hours, doxycycline (dox) was added to the culture medium for 48 hours to regulate UBB+1 

expression. Western blot analysis on cell lysates showed that UBB+1 protein accumulation 

was present only at high expression levels induced by absence of dox (maximal expres-

sion) or low dox concentrations ranging from 0 to 0.01 ng/ml (Fig. 1A). In addition, ubiq-

uitination of UBB+1 (Ub-UBB+1) was present in cells which showed UBB+1 accumulation 

and in cells transiently transfected with a CMV-UBB+1 pcDNA3 high expression control 

plasmid, as expected (Lindsten et al., 2002) (Fig. 1A). Ubiquitination of UBB+1 is essen-

tial for targeting UBB+1 to the proteasome. A double lysine mutant of UBB +1, 

UBB+1K29,48R, cannot be ubiquitinated and is not targeted to the proteasome (Lindsten et 

al., 2002). Transient transfection with a CMV-UBB+1K29,48R pcDNA3 plasmid indeed 

showed an increased accumulation of the non-ubiquitinated form of this protein compared 

to CMV-UBB+1 pcDNA3 (not shown). 

Proteasomal degradation of UBB+1 could explain the absence of accumulation at lower 

expression levels. Therefore, we treated the UBB+1 Tet-off transfected cells with dox for 

48 hours and simultaneously with the reversible proteasome inhibitor MG132 (1 µM) dur-

ing the final 16 hours before sampling. Indeed, MG132 treatment shifted the regulated 

expression level at which UBB+1 accumulation could be observed to a lower level (Fig. 

1B, lanes marked with arrowheads). From these experiments, we conclude that UBB+1 is 

degraded by the UPS at sub-maximal expression levels. However, the UPS fails to de-

grade UBB+1 sufficiently after exceeding a threshold level of expression, leading to stabi-

lization of the UBB+1 protein. 
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UBB+1 induces dose-dependent UPS inhibition 

Our previous work showed that UBB+1 can act as a proteasome inhibitor (Lindsten et al., 

2002). Thus, we next determined the expression level at which inducible UBB+1 inhibited 

the proteasome and if this proteasome inhibition was dose-dependent. Therefore, we 

transfected stable HeLa UbG76V-GFP cells with the inducible Tet-off UBB+1 vectors as 

described in Fig 1. General inhibition of the proteasome leads to accumulation of GFP in 

this UbG76V-GFP HeLa cell line, a reporter cell line for UPS activity (Dantuma et al., 

2000). Indeed, flow cytometric analysis of HeLa UbG76V-GFP cells treated overnight with 

proteasome inhibitors epoxomicin (irreversible inhibitor, 100nM) or MG132 (reversible 

inhibitor, 1 µM) showed a large increase in the percentage of GFP positive cells to ~90% 

(Fig. 2A). Transient transfection with CMV-UBB+1 pcDNA3 resulted in significant accu-

 

Figure 1     UBB+1 is degraded by the UPS at low expression levels. A, B: Western blot of cell lysates of 

HeLa cells transiently transfected with inducible Tet-off CMV-UBB+1 vectors treated with decreasing dox 

concentrations. UBB+1 was detected with anti-UBB+1 antibody (Ub3 (De Vrij et al., 2001)) in cells with-

out proteasome inhibitor treatment (A) or in cells treated overnight with 1 µM proteasome inhibitor 

MG132 (B). CMV-UBB+1 pcDNA3 (UBB+1) and empty pcDNA3 vector (control) transfections served as 

controls. Arrows in B indicate additional UBB+1 expression after proteasome inhibitor treatment. Protein 

input was equal in all lanes determined by Bradford protein measurement (not shown); this is a represen-

tative experiment of two duplicate experiments. Molecular mass in kDa is indicated on the left, * UBB+1, 

** Ub-UBB+1. 
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mulation of the GFP reporter in ~10% of the living cells (Fig. 2A), reaffirming our previ-

ous observations that UBB+1 acts as a proteasome inhibitor (Lindsten et al., 2002). The 

discrepancy between the high levels of UPS inhibition achieved with classical inhibitors 

(~90% GFP positive) compared to UBB+1 (~10% GFP positive) is partially due to the 

transfection efficiency of UBB+1, which is routinely ~40% in this cell line (data not 

 

Figure 2     High levels of UBB+1 inhibit the proteasome. Flow cytometric analysis of UbG76V-GFP HeLa 

cells for GFP fluorescence as indication of UPS inhibition (% GFP positive cells of total living cells). A: 

Cells were transiently transfected with empty pcDNA3 vector (control), CMV-Ub wildtype pcDNA3 

(Ubwt), CMV-UBB+1K29,48R pcDNA3 (+1KR) or CMV-UBB+1 pcDNA3 (UBB+1) or treated with 100 nM 

epoxomicin (epox) or 1 µM MG132. Significant accumulation of GFP compared to empty vector control 

is marked by an asterisk (* p<0.005, ANOVA Bonferroni). B: UbG76V-GFP cells were transiently trans-

fected with the inducible Tet-off UBB+1 expression system and treated with decreasing concentrations of 

dox. Significant increase in percentage of GFP positive cells, compared with levels in cells treated with 

1000 ng/ml dox is marked by an asterisk (* p<0.05, ANOVA Bonferroni). Results are the means ± s.e.m. 

of three or four independent duplicate experiments. C: Representative flow cytometric scatter plots of 

UBB+1 Tet-off transfected cells treated with 1000, 0.01, 0.0001 and 0 ng/ml dox as shown in B. GFP posi-

tive cells were detected in the region set as R1. The mean GFP fluorescence and the percentage GFP posi-

tive living cells in each plot are indicated on the right. 
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shown) and probably also due to the fact that not all UBB+1 positive cells have built up 

enough expression to surpass the threshold level for UPS inhibition, corroborating our 

hypothesis that a critical level of UBB+1 must be reached before the protein is stabilized. 

As expected, transient transfection with CMV-UBB+1K29,48R pcDNA3, which is not di-

rected to the UPS, did not lead to significant UPS inhibition (Fig. 2A). Also transfection 

of wildtype Ub (CMV-Ub pcDNA3) did not lead to significant accumulation of the GFP 

reporter (Fig. 2A). 

We determined if the proteasome inhibition induced by UBB+1 was dose-dependent by 

transfecting HeLa UbG76V-GFP cells with the inducible Tet-off UBB+1 vectors. Maximal 

UBB+1 expression (absence of dox) was sufficient to induce UPS inhibition, shown by 

significant accumulation of the GFP reporter, although the percentage of GFP positive 

cells (4.4%) was lower than after transient transfection with CMV-UBB+1 pcDNA3 (Fig. 

2B). Furthermore, increasing GFP reporter accumulation was visible in a range from 0.01 

to 0.0001 ng/ml dox, reaching significance at dox concentrations of 0.001 and 0.0001 ng/

ml (Fig. 2B). This increase in the percentage of GFP positive cells and in the mean GFP 

fluorescence intensity is visualised in representative plots in Fig. 2C. These results indi-

cate that UBB+1 inhibited the proteasome in a dose-dependent manner, starting from ex-

pression levels at which UBB+1 accumulation commenced. 

 

Accumulation of UBB+1 and UPS inhibition is reversible in living cells 

The previous results showed that increasing UBB+1 expression gave rise to dose-

dependent UPS inhibition. It is conceivable that this UPS inhibition is irreversible, caus-

ing a defective degradation of previously accumulated UBB+1 even after UBB+1 expres-

sion is shut down. To verify this we measured the percentage of remaining UBB+1 positive 

cells after shutting down UBB+1 expression. UbG76V-GFP HeLa cells were transiently 

transfected with the Tet-off UBB+1 vectors and expressed high levels of UBB+1 for 64 

hours, after which a baseline sample was taken (timepoint 0 hours). UBB+1 expression 

was continued at high levels and additional samples were taken at 12 hours and 36 hours 

after the baseline measurement. Alternatively, UBB+1 expression was shut down by add-

ing 10 ng/ml dox and samples were taken at similar timepoints. The percentages of UBB+1 

(Fig. 3A) positive cells and GFP/UBB+1 double positive cells indicative for UPS inhibi-

tion (Fig. 3B) were determined for every timepoint using flow cytometry (minimal 10000 

cells counted per sample). 

At the baseline measurement (0 hours), maximal UBB+1 levels were present resulting 

in 5.3% UBB+1 positive cells (Fig. 3A) leading to 1.3% UBB+1/GFP double positive cells 

(Fig. 3B). Thus ~25% of the UBB+1 positive cell population also accumulated the GFP 

reporter, indicating that UBB+1 accumulation preceded inhibition of the UPS, which is in 

agreement with earlier observations in a different setup (Lindsten et al., 2002). After 12 
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hours, continuous UBB+1 expression (dox-) or shutting down expression (dox+) both gave 

rise to equal slight decreases in UBB+1 protein levels. However, constant UBB+1 expres-

sion (dox-) induced a ~50% decrease in the number of UBB+1 positive cells from 3.8% to 

1.9% at 36 hours compared to 12 hours after baseline measurement (Fig. 3A). This is pre-

sumably caused by either loss of the expression plasmid after transient transfection, or by 

loss of UBB+1 due to UBB+1 induced cell death as seen in previous experiments (De Vrij 

et al., 2001). In the condition where the expression of UBB+1 was shut down (dox+) for 36 

hours, the percentage of UBB+1 positive cells dropped with ~75% compared with levels 

12 hours after dox treatment from 4.2% to 1.0%. This remaining percentage of UBB+1 

positive cells (1.0%) was significantly lower than when the cells had continuous UBB+1 

expression (1.9%). This indicated that UBB+1 accumulation was reversible at 36 hours 

after shutting down expression, although the remaining UBB+1 accumulation stayed sig-

nificantly elevated compared to a transfection control sample (0.3%) (Fig. 3A). 

The percentage of UBB+1/GFP double positive cells remained stable after 12 hours in 

both the dox treated and untreated condition (Fig. 3B). After 36 hours, this population of 

cells decreased in both the continuous UBB+1 expression condition (dox-) and after shut-

ting down expression (dox+). However, similar to the results for UBB+1 accumulation, the 

UBB+1/GFP positive cell population was lower in the dox treated condition (dox+) than in 

the condition with constant UBB+1 expression (dox-), although this effect was not signifi-

cant (Fig. 3B). This lower amount of GFP reporter accumulation in the condition where 

 

Figure 3     Accumulation of UBB+1 is reversible after shutting off expression. Flow cytometric analysis of 

the percentage of UBB+1 (A) or UBB+1/GFP (B) positive cells at 0 hours, 12 hours and 36 hours after 

shutting down maximal UBB+1 expression. UbG76V-GFP HeLa cells were not transfected (control), trans-

fected with empty pcDNA3 vector (e) or transfected with the UBB+1 Tet-off vectors. After 64 hours of 

maximal expression (absence of dox) a baseline sample was taken (0 hours). UBB+1 expression was con-

tinued at maximal levels (dox-) or shut down by addition of 10 ng/ml dox (dox+) and samples were ana-

lyzed after 12 hours and 36 hours of dox treatment. Results are the means ± s.e.m. of two or three inde-

pendent duplicate experiments. * p<0.01, # p=0.099 ANOVA within timegroup. 
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UBB+1 expression has been shut down for 36 hours indicated that the UPS inhibition in-

duced by UBB+1 was a reversible process. Moreover, possible UBB+1 induced cell death 

should be lower when UBB+1 expression is shut down, so the decrease in GFP accumula-

tion can then only be attributed to the reversal of UPS inhibition. 

To corroborate these data, we also used a experimental setup where high levels of 

UBB+1 expression were induced with lentiviral (LV) vectors in a human neuroblastoma 

cell line (SH-SY5Y). By using LV transduction, the UBB+1 cDNA integrated in the cellu-

lar DNA, leading to stable expression of the protein. With this high continuous LV-UBB+1 

expression, experiments could be done in a shorter time span in which UBB+1 induced cell 

death did not occur yet. In this setup, LV-UBB+1 transduction induced UBB+1 accumula-

tion which further increased after overnight inhibition of the UPS with the reversible in-

hibitor MG132. After restoring proteasome activity by removing MG132, the percentage 

of UBB+1 positive cells decreased significantly compared to the condition in which 

MG132 was not removed (data not shown), indicating that UBB+1 accumulation is a re-

versible process. The percentage of UBB+1 positive cells in the condition with maximal 

UBB+1 expression was comparable to the percentage of positive cells after a control LV-

UBB+1K29,48R infection. It is known from previous experiments that this control LV-

 

Figure 4     Lentiviral transduction targets a heterogeneous cell population in cortex slice cultures. GFAP 

(red) and NeuN (blue) double staining on LV-Ub-M-GFP transduced organotypic cortex slice cultures of 

C57Bl/6 mice revealed mostly GFAP labelled GFP positive glia, but also GFP positive neurons. Arrows 

indicate transduced neurons, positive for both GFP and NeuN. Bar, 50 µm. See color section. 
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UBB+1K29,48R construct does not induce cell death (De Pril et al., 2004), thereby ruling out 

the possibility that UBB+1 induced cell death affected the reversibility of UBB+1 accumu-

lation in this setup. 

 

Degradation of UPS substrates in organotypic cortex cultures 

We then investigated if these results in cell lines also hold true in primary (neuronal) cul-

tures using mouse organotypic cortex slice cultures, so that we could extrapolate our data 

to neurodegenerative disease conditions. First, we verified that transduction of cells was 

possible in this setup using LV vectors. Cortex slice cultures of C57Bl/6 mice were in-

fected with Ub-M-GFP, a ubiquitin fusion protein that results in a stable form of GFP 

(Dantuma et al., 2000). This gave rise to many GFP immuno-positive cells two days after 

transduction (Fig. 4). The transduced cell population consisted mainly of astrocytes, al-

though also a substantial amount of GFP positive neurons was present in the slice, as dem-

onstrated by double-staining with neuronal (NeuN) and glial (glial fibrillary acidic protein 

(GFAP)) markers (Fig. 4). 

To assess general UPS function in the cortex culture system, slices were LV trans-

duced with the UPS reporter construct UbG76V-GFP. As shown in Figure 5, UbG76V-GFP 

was efficiently degraded by the proteasome and GFP accumulation was only present after 

 

Figure 5     UBB+1 is degraded by the proteasome in cortex slice cultures. Organotypic cortex slices of 

C57Bl/6 mice were transduced with LV-UbG76V-GFP, LV-UBB+1 or LV-UBB+1K29,48R. Both the UPS re-

porter protein UbG76V-GFP (green) and UBB+1 (red) are efficiently degraded by the 26S proteasome and 

only accumulate after treatment with proteasome inhibitor. The lysine mutant of UBB+1, UBB+1K29,48R, is 

not degraded by the proteasome an accumulates already without inhibitor treatment; - epox: not treated 

with epoxomicin, + epox: treated overnight with 1 µM epoxomicin. Bar, 100 µm. See color section. 
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treatment with proteasome inhibitor (1 µM epoxomicin) (Fig. 5). Transduction of cortex 

cultures with LV-UBB+1 also did not lead to accumulation of the protein (Fig. 5), in con-

trast to the neuronal cell cultures. Apparently, the UBB+1 protein was efficiently degraded 

by the 26S proteasome in cortex slice cultures, as demonstrated by the accumulation of 

UBB+1 after overnight proteasome inhibition by 1 µM epoxomicin (Fig. 5). These results 

indicate that LV-UBB+1 expression leads to sub-threshold expression in this cortex slice 

system at which the protein does not accumulate. The LV-UBB+1K29,48R mutant showed 

accumulation of the protein regardless of proteasome inhibition, as expected (Fig. 5). 

 

UBB+1 accumulation is not reversible in cortex cultures 

We made use of the reversible proteasome inhibitor MG132 to study if accumulation of 

UBB+1 in cortex cultures also decreased after wash out of the proteasome inhibitor as we 

observed in the neuroblastoma cell line experiments. Consistent with results obtained with 

epoxomicin treatment as shown above, applying MG132 overnight to LV transduced cul-

tures resulted in strong accumulation of both UbG76V-GFP and UBB+1 (Fig. 6). When 

MG132 treated cultures were rinsed and allowed to recover, proteasome activity was re-

stored, as demonstrated by the regained capacity to completely degrade the GFP reporter 

 

Figure 6     UBB+1 remains present after washout of inhibitor in cortex slice cultures. Overnight incuba-

tion of cortex cultures transduced with LV-UbG76V-GFP or LV-UBB+1 with the reversible proteasome 

inhibitor MG132 (10 µM) resulted in accumulation of both proteins. Washing out the reversible inhibitor 

reactivated the proteasome, as shown by the degradation of the proteasome reporter substrate UbG76V-

GFP. However, UBB+1 remained accumulated in a considerable amount of cells after reactivation of the 

proteasome. Transduction with the LV- UBB+1K29,48R control construct gave rise to accumulation of the 

UBB+1 protein regardless of proteasome inhibitor treatment. UbG76V-GFP is depicted in green, UBB+1 in 

red and the nuclear staining (TO-PRO) in blue. Bar, 500 µm. See color section. 
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protein (Fig. 6). This restored proteasome activity did not seem capable of degrading ac-

cumulated UBB+1 under these washout conditions, as the number of cells containing accu-

mulated UBB+1 after washout of the inhibitor was similar to the number of UBB+1 positive 

cells after initial transduction (Fig. 6). This indicated that, in contrast the results obtained 

in cell lines, UBB+1 accumulation in cortex cultures remained present after washout of the 

proteasome inhibitor, which might be due to the recovery time needed after washout to 

degrade UBB+1. 

 

Accumulated UBB+1 inhibits the UPS in cortex cultures 

In vitro, UBB+1 inhibits the UPS after exceeding a threshold as shown in a UbG76V-GFP 

stable HeLa cell line. We employed a UbG76V-GFP transgenic (tg) mouse line (UbG76V-

GFP/2) to translate these results to our cortex culture setup. In this mouse model, the UPS 

reporter is ubiquitously expressed and similar to the HeLa cell line, GFP accumulates only 

after proteasome inhibition (Lindsten et al., 2003). To verify the GFP proteasome reporter 

system in organotypic cortex slices of UbG76V-GFP/2 tg mice, the cortex slices were cul-

tured and treated with 1 µM epoxomicin. Indeed, the GFP reporter only accumulated in 

the cortex slice cultures after treatment with proteasome inhibitor (Fig. 7). Similar to cor-

tex slices from non-tg mice, in the UbG76V-GFP/2 cortex slices, LV-UBB+1 transduction 

did not lead to UBB+1 accumulation (Fig. 8B) unless additional proteasome inhibitors 

were applied (not shown). This additional proteasome inhibitor treatment led to GFP re-

porter accumulation in the tg cultures regardless of UBB+1 expression, making it impossi-

ble to distinguish proteasome inhibition by the inhibitor or by UBB+1. Therefore, we used 

adenoviral (Ad) instead of LV transduction of UBB+1 to induce higher expression levels, 

which might exceed the accumulation threshold. We confirmed the increased expression 

 

Figure 7     The UPS reporter system in cortex cultures of UbG76V-GFP transgenic mice. A: UbG76V-GFP 

tg organotypic cortex cultures without treatment with proteasome inhibitors. B: UbG76V-GFP tg cortex 

cultures treated with 1 µM epoxomicin. The GFP-reporter substrate only accumulated after proteasome 

inhibition. Bars, 50 µm. See color section. 
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of Ad-UBB+1 (right lane, Fig. 8A) compared to LV-UBB+1 (left lane, Fig. 8A) in HEK293 

cells, showing that Ad-UBB+1 transduction resulted in 4- to 5-fold higher expression of 

UBB+1 compared to LV transduction (Fig. 8A). Transduction of UbG76V-GFP tg cortex 

cultures with Ad-UBB+1 indeed resulted in accumulation of UBB+1 in many cells (Fig. 

8C), in contrast to LV-UBB+1 transduction (Fig. 8B). The majority of cells that were posi-

tive for UBB+1 after Ad-UBB+1 transduction clearly accumulated the GFP reporter (Fig. 

8D). UBB+1 accumulation was observed mainly in the cytosol, whereas the GFP reporter 

accumulation was present in the cytosol as well as in the nucleus. Similar to the in vitro 

results, inducing a high level of UBB+1 expression in organotypic cortex slice resulted in 

surpassing the accumulation threshold and subsequent inhibition of the proteasome. 

 

Discussion 

Our previous results indicated that UBB+1 behaves both as a substrate as well as an inhibi-

tor of the UPS (Lindsten et al., 2002; Fischer et al., 2003). In this study we further ex-

plored the dual UPS substrate/UPS inhibitor properties of UBB+1, using novel tet-off in-

ducible UBB+1 expression vectors vary levels of UBB+1 expression. We show here that a 

concentration-dependent shift in UBB+1 properties from UPS substrate to inhibitor takes 

place with increasing expression levels. UBB+1 accumulation commenced only at high 

expression levels and preceded the induction of UPS inhibition. In addition, we show in 

this study that both UBB+1 accumulation and UPS inhibition were partially reversible after 

 

Figure 8     High Ad-UBB+1 expression causes proteasome inhibition in cortex cultures. High levels of 

UBB+1 expression with Ad-UBB+1 lead to accumulation of UBB+1 without inhibitor treatment. A: Repre-

sentative Western blot of HEK293 cell lysates transduced with equal MOI of LV-UBB+1 (left lane) or Ad-

UBB+1 (right lane). Equal amounts of protein were loaded per lane, as confirmed by Coomassie staining 

of total protein load of the same lanes shown on the right. The blot was stained with anti-UBB+1 antibody 

Ub3 and quantified with Imagepro software (quantification not shown). B, C: Organotypic cortex slice 

cultures of UbG76V-GFP tg mice were transduced with LV-UBB+1, which did not induce UBB+1 accumula-

tion (B) or Ad-UBB+1, which did result in many UBB+1 immuno-positive cells (C). D: UBB+1 accumula-

tion after adenoviral transduction lead to accumulation of UbG76V-GFP (arrows). Bars, 250 µm (B), 500 

µm (C), 50 µm (D). See color section. 
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ceasing UBB+1 expression. We further studied UBB+1 characteristics in organotypic cor-

tex slice cultures, a system which reflects a multi-cellular environment in which neuronal 

connectivity and neuron-glia interactions are preserved (Sundstrom et al., 2005). This 

study is, to our knowledge, the first employing organotypic cultures to assess UBB+1 prop-

erties. In these cultures, UBB+1 accumulation and subsequent UPS inhibition only oc-

curred at high levels of expression, similar to the results obtained in cell lines. In sum-

mary, the current study shows that UBB+1 properties dose-dependently shift from a pro-

teasome substrate to a partially reversible proteasome inhibitor after a critical level of ac-

cumulation is reached. 

We hypothesized that UBB+1 might be able to irreversibly sustain or even increase its 

own accumulation through a “feedback loop” of UBB+1-induced UPS inhibition. Surpris-

ingly, a clear decrease was observed in the percentage of UBB+1 positive cells after shut-

ting down expression of UBB+1 (Fig. 3A) or recovery after UPS inhibition, although 

UBB+1 levels remained elevated compared to the levels before treatment. It is conceivable 

that this decline of UBB+1 accumulation continues over time, clearing the remaining accu-

mulation after a longer period of recovery. This reversible accumulation was not as clear 

in cortex slices; many UBB+1 positive cells remained present after recovery of protea-

somal inhibition in a setup where full degradation of the UPS reporter UbG76V-GFP was 

observed (Fig. 6). In these slices, 16 hours of UPS recovery might not be sufficient to ob-

serve a clear UBB+1 degradation. These results indicate that the UBB+1 protein likely has a 

longer half-life than UbG76V-GFP in cortex slices, corresponding to previous cell line ob-

servations regarding the half-life of UBB+1 compared to UbG76V-GFP (Lindsten et al., 

2002). Also, a slight decrease in UBB+1 intensity or number of UBB+1 positive cells might 

not be detectable in cortex slices as an exact quantification is not feasible due to variation. 

Alternatively, primary neurons and astrocytes might respond differently to the inhibition 

of the UPS compared to tumour cell lines. 

A point of interest is that LV vectors are known to efficiently transduce neuronal cells 

in culture (Ehrengruber et al., 2001). In our organotypic slices we observed that the ma-

jority of the infected population consisted of GFAP positive glial cells, although neuronal 

cells were also transduced (Fig. 4). In this respect it is important to note that in the human 

brain, UBB+1 not only accumulates in neurons in for instance AD, but also in glial cells of 

white matter in e.g. progressive supranuclear palsy (Fischer et al., 2003). The UBB+1 pro-

tein was mainly localized in the cytosol of the transfected cells in the slices. Surprisingly, 

UBB+1 positive cells showed accumulation of the UbG76V-GFP reporter in both the cytosol 

and in the nucleus (Fig. 8D). Intranuclear localisation of the GFP reporter was also seen in 

UbG76V-GFP tg cortex cultures (Fig. 4) and in neuronal cultures from a comparable UbG76V

-GFP tg line (Lindsten et al., 2003) treated solely with proteasome inhibitor, indicating 

that general UPS inhibition results in both cytosolic and nuclear accumulation of the GFP-

reporter. 
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Besides the UBB+1 protein, shown in this study to be a dose-dependent reversible UPS 

inhibitor, many other compounds are known that inhibit the proteolytic activity of the 26S 

proteasome. These inhibitors can be divided into several major classes such as the syn-

thetic peptide aldehydes, which act upon reversible binding (e.g. MG132, MG115 and 

PSI), the peptide boronates, a class of highly selective reversible inhibitors which have a 

slow on-off rate (e.g. MG262 and PS-341) and peptide vinyl-sulfones which bind irre-

versibly to the 20S core. Lactacystin and the specific 26S proteasome inhibitor 

epoxomicin are natural non-peptide irreversible proteasome inhibitors (reviewed in 

(Kisselev and Goldberg, 2001; Myung et al., 2001)). In this respect, UBB+1 can be classi-

fied as an endogenously encoded inhibitor of the UPS, which induces dose-dependent 

reversible UPS inhibition (Fig. 1B). UPS inhibition by UBB+1 is a specific effect of 

UBB+1 and not due to overloading the UPS by over-expressing a UPS substrate, as com-

parable expression of other UPS substrates such as FLAGUbG76V-nfGFP, FLAGUb-R-nfGFP 

or FLAGp53 did not inhibit the UPS (Lindsten et al., 2002). Through the possibility to vary 

UBB+1 expression levels in different models systems (e.g. cell lines, primary cultures and 

transgenic animal models) using inducible vectors, the dual UPS substrate and UPS in-

hibitory properties of this protein can be optimally employed. 

In this study we further validate our hypothesis that the presence of UBB+1 serves as a 

marker for proteasomal dysfunction in human neurodegenerative disease (Fischer et al., 

2003; Hol et al., 2005), showing in human cell lines and neuronal slice cultures that inhi-

bition of the proteasome using proteasome inhibitors can induce the accumulation of 

UBB+1, even if at these specific expression levels UBB+1 is normally degraded. Accord-

ingly, UBB+1 accumulation in human pathology can serve as an endogenous marker for 

UPS inhibition, which holds UPS inhibitory properties itself (Fig. 9). Recently, it was 

shown that a decline in proteasome activity induced by classical proteasome inhibitors 

impaired protein synthesis in neuronal cells (Ding et al., 2006) and disrupted multiple 

processes in ribosome biogenesis (Stavreva et al., 2006). After washout of the reversible 

proteasome inhibitor MG262, levels of protein synthesis were restored (Ding et al., 2006). 

As UBB+1 is also an inhibitor of the proteasome, it is possible that we underestimated the 

extent of UBB+1 accumulation in our experiments due to a decreased UBB+1 synthesis. 

Also the protein synthesis levels of the GFP-reporter might be decreased. Conversely, the 

reversal of UBB+1 accumulation after shutting down UBB+1 expression might be influ-

enced by an increased level of protein synthesis, possibly slowing the process of accumu-

lation reversal. Decreases in ribosome function and protein synthesis are also associated 

with aging (reviewed by (Rattan, 1996)) and neurodegenerative disease (Ding  et al., 

2005). Possibly, the accumulated UBB+1 in the neurodegenerative disease hallmarks fur-

ther contributes to these processes via its UPS inhibitory properties. Future experiments 

could further clarify this issue. 
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The reversible inhibitory properties of UBB+1 can prove to be useful in many research 

fields besides neurobiology. The UPS is most well-known is its function in protein quality 

control, but increasing significance is attributed to its role in development, endocytosis, 

DNA repair and transcriptional regulation (Welchman et al., 2005). In this respect, the 

role of UPS regulated protein turnover in cell cycle progression has become of major im-

portance in cancer research, as oncogenic mutations can been found which perturb ubiq-

uitination of cell cycle proteins and induce the disruption of intracellular balance between 

cell growth and death characteristic for cancer cells (Mani and Gelmann, 2005). Therefore 

it is not surprising that proteasome inhibitors have emerged as attractive drug targets for 

 

Figure 9     UBB+1 properties shift from UPS substrate to inhibitor. (1) UBB+1 mRNA and translation 

levels are constant throughout life (Fischer et al., 2003; Gerez et al., 2005). In non-diseased tissue, the 

26S proteasome is capable of degrading all the translated UBB+1 and accumulation of UBB+1 is not pre-

sent. (2) Due to various causes such as disease or aging the efficiency of proteasomal degradation can 

decrease, leading to a diminished degradation of UBB+1. (3) The levels of translated UBB+1 exceed the 

degradation capacity of the proteasome and surpasses the accumulation threshold. Accumulated UBB+1 

now holds UPS inhibitory properties itself, which can aggravate the initial decrease in UPS activity. See 

color section. 
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e.g. cancer therapy (Hol et al., 2006; Nalepa et al., 2006). The first clinically approved 

anti-cancer drug in this respect is bortezomib (Velcade ®), a small-molecule UPS inhibi-

tor used to treat malignant multiple myeloma (reviewed in (Rajkumar et al., 2005)), which 

can induce apoptosis in tumour cells (Adams, 2004). As UBB+1 is an endogenously en-

coded UPS inhibitor which induces apoptosis, it is possible to mediate tissue-specific gene 

delivery by viral vectors. This unique combination makes it worthwhile to further explore 

the potential of UBB+1 as a tissue specific UPS inhibitor in disease. 
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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 
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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 

    



99 

HIGH EXPRESSION LEVELS OF UBB+1 IN VIVO 

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). 
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Abstract 

The ubiquitin-proteasome system fulfils a pivotal role in regulating intracellular protein 

turnover. Impairment of this system is implicated in the pathogenesis of neurodegenera-

tive diseases characterized by ubiquitin-containing proteinaceous deposits. UBB+1, a mu-

tant ubiquitin, is one of the proteins accumulating in the neuropathological hallmarks of 

tauopathies, including Alzheimer‟s disease, and polyglutamine diseases. In vitro, UBB+1 

properties shift from a proteasomal ubiquitin-fusion degradation substrate at low expres-

sion levels to a proteasome inhibitor at high expression levels. In this study we report on a 

novel transgenic mouse line expressing low levels of neuronal UBB+1. In these mice, the 

UBB+1 protein is scarcely detectable in the neuronal cell population. Accumulation of 

UBB+1 only commences after intracranial infusion of the proteasome inhibitors lactacystin 

or MG262, showing that at these low expression levels the UBB+1 protein is a substrate 

for proteasomal degradation in vivo. In addition, accumulation of the protein serves as a 

reporter for proteasome inhibition. These findings strengthen our proposition that in 

healthy brain, UBB+1 is continuously degraded and disease-related UBB+1 accumulation 

serves as an endogenous marker for proteasomal dysfunction. This novel transgenic line 

can give more insight into the intrinsic properties of UBB+1 and its role in neurodegenera-

tive disease. 

 

Introduction 

The ubiquitin-proteasome system (UPS) is the main intracellular pathway for regulated 

protein turnover and essential for maintaining cellular homeostasis (reviewed by 

(Glickman and Ciechanover, 2002)). Besides functioning as a protein quality control 

mechanism by degrading aberrant and misfolded proteins, ubiquitin (Ub) modification of 

proteins also regulates many other processes, including cell-cycle progression, endocyto-

sis and intracellular signaling (reviewed by (Welchman et al., 2005; Mukhopadhyay and 

Riezman, 2007)). Substrates are tagged for proteasomal degradation by covalent binding 

of the C-terminal glycine of a Ub moiety to an internal lysine residue in a substrate. Addi-

tional Ub moieties are successively attached to the substrate-bound Ub forming a poly-Ub 

chain (Pickart, 2004). Ubiquitinated substrates with a chain of four or more lysine-48 

linked ubiquitins are selectively targeted for degradation by the 26S proteasome (Thrower 

et al., 2000), a multi-subunit proteolytic complex composed of a barrel-shaped 20S core 

particle and two 19S regulatory complexes. The 19S particle, which forms a cap-like 

structure on the 20S core, is essential for substrate recognition, deubiquitination, unfold-

ing and subsequent translocation into the 20S catalytic core. Three different proteolytic 

activities are present in the 20S particle; chymotrypsin-like, trypsin-like and peptidyl-

glutamyl-peptide hydrolyzing (PGPH) activity residing in the β5, β2 and β1 subunits re-
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spectively (reviewed by (Wolf and Hilt, 2004)). 

Impairment of the UPS is implicated to play a role in the pathogenesis of a broad array 

of diseases, including neurodegeneration. This is exemplified by the presence of ubiquitin

-positive pathology in many neurodegenerative disorders such as Alzheimer‟s disease and 

Parkinson‟s disease (Ciechanover and Brundin, 2003; van Tijn et al., 2008). Another indi-

cation of involvement of the UPS in neurodegeneration is the disease-specific accumula-

tion of a mutant Ub (UBB+1) in tauopathies, including Alzheimer‟s disease, and polygluta-

mine diseases such as Huntington‟s disease and spinocerebellar ataxia-3 (van Leeuwen et 

al., 1998; Fischer et al., 2003; De Pril et al., 2004). UBB+1 is generated by a di-nucleotide 

deletion in the Ub mRNA which results in a mutant protein with a 19 amino acid C-

terminal extension. The UBB+1 protein lacks the C-terminal glycine essential for substrate 

ubiquitination, however UBB+1 is a substrate for ubiquitination itself and targeted for deg-

radation by the proteasome (Lam et al., 2000). In vitro, degradation of UBB+1 occurs only 

at low expression levels; accumulation of UBB+1 commences after exceeding a threshold 

level, leading to dose-dependent inhibition of the UPS (van Tijn et al., 2007). High ex-

pression levels of UBB+1 also result in cell cycle arrest, apoptotic-like cell death, expres-

sion of heat shock proteins (Hsp) and resistance to oxidative stress (De Vrij et al., 2001; 

Lindsten et al., 2002; Hope et al., 2003). In human disease, accumulation of the UBB+1 

protein in the disease-specific neuropathological hallmarks is proposed to be an endoge-

nous reporter for UPS dysfunction (Fischer et al., 2003; Hol et al., 2005). 

We previously reported on two UBB+1 transgenic mouse lines (lines 3413 and 8630) 

expressing high levels of neuronal UBB+1, ranging from 50-67% of wildtype Ub mRNA 

levels (Chapter 3). In the 3413 transgenic mice, UBB+1 protein accumulation resulted in a 

significant decrease of chymotryptic proteasome activity ultimately leading to proteome 

changes and deficits in spatial reference memory (Chapter 3). As UBB+1 shifts from UPS 

substrate to inhibitor with increasing levels of expression in vitro, it is essential to know if 

these properties are conserved in vivo to extrapolate these findings to human disease. To 

this end, we investigated in the present study the effect of low-level UBB+1 expression in 

vivo. We generated a UBB+1 transgenic mouse line (line 6663) with neuronal UBB+1 ex-

pression at relatively low levels compared to the previously reported UBB+1 transgenic 

lines and studied the intrinsic properties of low-level UBB+1 expression in vivo. 

 

Materials and Methods 

Generation of transgenic mice 

The murine Ca(2+)/Calmodulin-dependent Protein Kinase II alpha (CamKIIα) promoter 

(Mayford et al., 1996) was used to drive UBB+1 expression. The UBB+1 cDNA, encoded 

by the first ubiquitin open reading frame and the C-terminus in the +1 reading frame (van 



107 

LOW EXPRESSION LEVELS OF UBB+1 IN VIVO 

Leeuwen et al., 1998) was cloned with a flanking 5‟ intron (Choi et al., 1991) and 3‟ 

polyadenylation site (bovine growth hormone) in the CamKIIα cassette by NotI. Before 

injection, the insert was excised from the plasmid, purified from gel by electro-elution and 

ethanol precipitated. The construct was injected into fertilized oocytes of FVB/N mice. 

The line was maintained on its genetic background by breeding hemizygous mice to wild-

type mice. 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 spe-

cific pathogen free conditions (Nicklas et al., 2002). All mice were genotyped on DNA 

isolated from ear-snips using the QIAamp DNA mini kit (Qiagen), primers being 

GGTGAGTACTCCCTCTCAAAAGC (forward) and CTGCAGTTGGACCTGGGAGT-

GGA (reverse). The copy-number of the transgene (10 copies) was determined by South-

ern blotting and analysed on a Storm 860 phosphorimager (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 (n=4 per group; 2 male, 2 female) were euthanized by carbon dioxide asphyxiation, 

the brain was immediately dissected 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 performed with SYBR-green mastermix (Applied Biosystems) on 

an ABI5700 (Applied Biosystems) as described previously (Hope  et al., 2003). The 

primer-set for the ubiquitin-B (UBB) target recognizes both the endogenous UBB mRNA 

and the transgene (forward: TACCGGCAAGACCATCACC, reverse: GGATGCCTT-

CTTTATCCTGGAT, efficiency 1.97), the bovine growth hormone polyA set recognizes 

the CamKIIα transgene (forward: GCCTTCTAGTTGCCAGCCAT, reverse: AGTGG-

GAGTGGCACCTTCC, efficiency 1.95), three house-keeping genes were used as normal-

izers (EF1α, Ube2d2 and rS27a (Warrington et al., 2000; Lee et al., 2002)). Statistics 

were performed with Mann-Whitney U-test in SPSS 11 for Mac. 

 

Radioimmunoassay 

Mice were euthanized by carbon dioxide asphyxiation, the brain was immediately dis-

sected and hemispheres were frozen in liquid nitrogen. A hemisphere was homogenized 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. UBB+1 
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protein levels were measured in a radioimmunoassay (RIA) as described previously (Hol 

et al., 2003) with Ub3 peptide (YADLREDPDRQ) and Ub3 antiserum (bleeding date 

05/08/97, final dilution 1:24000, (Fischer et al., 2003)). The final UBB+1 protein concen-

tration in the transgenic mice was corrected for background levels in wild-type mice. For 

the 6663 transgenic mice; n=8 (5 males, 3 females) and for wildtype mice; n=6 (4 males, 

2 females). 

 

Implantation of osmotic pumps 

Proteasome inhibitors lactacystin (BIOMOL International LP, UK) and MG262 ((Z-Leu-

Leu-Leu-B(OH)2) Boston Biochem Inc., Cambridge, MA) were dissolved in DMSO and 

diluted to their final concentration in Ringer‟s solution (Fresenius Kabi). 100 µl of dilu-

tion was applied to an osmotic minipump (Alzet 1003D, 3 day run-time, 1 ul/h, Alzet, 

CA). Osmotic minipumps were primed overnight at 37°C in 0.9% NaCl solution. Mice 

were anesthetized with 10 ml/kg FFM (0.0787 mg/ml fentanyl citrate, 2.5 mg/ml fluani-

sone, 0.625 mg/ml Midazolam in H2O). The skull was exposed and stereotactic coordi-

nates for infusion of proteasome inhibitors were read against bregma (-2.3 mm anterior-

posterior; -1.5 mm lateral) (Paxinos and Franklin, 2001). A hole was drilled through the 

skull and the dura was punctured. A canula, 2.5 mm long with a sharp tip (Brain Infusion 

Kit II, Alzet) was implanted in the brain and glued to the skull with cyanoacrylate adhe-

sive (Loctite 415). Polyvinylchloride tubing was used to connect the canula to the osmotic 

pump placed subcutaneously in a pocket under the skin in the flank of the mouse. The 

skin was sutured and mice were administered 0.05 mg/kg buprenorphine (Shering-Plough) 

intra-muscularly as an analgesic and 20 ml/kg 0.9% NaCl subcutaneously to prevent de-

hydration. Mice were kept at 37°C until they were recovered, and subsequently housed 

individually to prevent opening of the sutures. All experimental mice implanted with an 

osmotic pump were female, wild-type female littermates were used as controls. 

 

Immunohistochemistry 

Animals were given deep pentobarbital anaesthesia (intra-peritoneal) and were perfused 

intra-cardially with phosphate-buffered saline, pH7.4, followed by phosphate-buffered 

saline containing 4% paraformaldehyde. The brain was removed and cut on a vibratome 

(Leica VT1000S) in 50 µm coronal sections. Sections were immuno-histochemically 

stained overnight as described previously (Chapter 3) at 4°C using the peroxidase-anti-

peroxidase method (Sternberger et al., 1970) with rabbit polyclonal anti-UBB+1 antibody 

(Ub3; bleeding date 05/08/97, 1:1000 (Fischer et al., 2003)), polyclonal anti-ubiquitin 

antibodies (#Z0458, DAKO, 1:1000 and #U5379, Sigma, 1:200) or a monoclonal anti-

polyubiquitin conjugate antibody (LB112, 1:3, (Iwatsubo et al., 1996)). Staining was visu-
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alized with 3,3'-diaminobenzidine solution using nickel intensification. Images were made 

using a Zeiss Axioplan 2 or Wild Makroskop M420 imaging microscope and an Evolution 

MP digital camera (MediaCybernetics, Silver Spring, MD), analyzed with Image-Pro Plus 

software (version 5.1, MediaCybernetics). 

 

Results 

Generation of transgenic mice expressing low levels of UBB+1 

We have generated a transgenic mouse line postnatally expressing low-levels of human 

UBB+1 in the brain under the neuronal CamKIIα promoter on a FVB/N background (line 

6663). The relative expression levels of UBB+1 mRNA versus endogenous ubiquitin-B 

(UBB) mRNA were measured in adult mouse brain with real-time quantitative PCR using 

primers directed against UBB, recognizing both the endogenous UBB mRNA and the 

transgene, and a bovine growth hormone polyadenylation primer set recognizing the Cam-

KIIα transgene. The expression level of the UBB+1 mRNA in the 6663 line amounted to 

 

Figure 1     Expression of UBB+1 in transgenic line 6663. A-D. Expression pattern of the UBB+1 protein in 

the low-level expression transgenic line 6663. Coronal 50 µm vibratome sections of a 9-month-old 6663 

transgenic male were stained with an anti-UBB+1 antibody. Minor UBB+1 reactivity is present in the brain 

mainly in neurons in the lateral septal area (A) and faintly in the pyramidal cell layer of the hippocampus 

(B). Magnifications of the lateral septal area and hippocampus are shown in (C) and (D). E. Wild-type 

littermate FVB/N control mice do not show any hippocampal UBB+1 reactivity when stained with anti-

UBB+1. Bar = 1 mm (A-B), bar = 250 µm (C-E). 
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17% of the endogenous UBB mRNA (n= 4 per group). Line 6663 UBB+1 heterozygous 

mice did not show any overt behavioral abnormalities and lifespan was not reduced com-

pared to wild-type control mice. The gross morphology of the brain also did not differ 

between UBB+1 6663 transgenic and FVB/N wild-type mice. 

The expression pattern of the CamKIIα promoter is confined to neurons, located 

mainly in the hippocampus, neocortex, striatum and forebrain (Mayford et al., 1996). The 

previously described UBB+1 transgenic line 3413 with high levels of UBB+1 expression 

from the same CamKIIα expression vector as line 6663 indeed showed neuronal UBB+1 

protein expression in these brain areas (Chapter 3). Immunohistochemical analysis of the 

6663 mice using an antibody directed against the C-terminal +1 extension of UBB+1 only 

showed very weak staining of UBB+1 positive neurons (fig. 1A-D), located mainly in the 

lateral septal area (fig. 1A, C) and also in the hippocampal pyramidal cell body layers (fig. 

1B, D). Control mice did not show any UBB+1 reactivity (exemplified in fig. 1E). The 

UBB+1 protein could also be detected in brain homogenates of 6663 transgenic mice by 

radioimmunoassay (n=8 transgenic; n=6 wildtype). UBB+1 protein was present in a con-

centration of 116 ng/g total protein content in the 6663 transgenic mice, a concentration 

relatively low when compared to the levels of UBB+1 protein in the previously described 

UBB+1 high expression line 3413 (1080 ng/g total protein content, (Chapter 3)). 

 

Low concentrations of lactacystin transiently inhibit the UPS and induce 

UBB+1 accumulation 

In vitro, UBB+1 is ubiquitinated and degraded by the UPS at low expression levels 

(Lindsten et al., 2002; van Tijn et al., 2007). Therefore, we investigated whether the low 

UBB+1 protein expression levels in 6663 transgenic mice were attributable to proteasomal 

degradation of UBB+1 in vivo. We monitored UBB+1 protein levels in 6663 transgenic 

mice after exogenous inhibition of the UPS; an overview of the results is given in Table 1. 

Proteasome inhibition was achieved by intra-cranially administering UPS inhibitors using 

an Alzet osmotic mini-pump placed subcutaneously in the flank of the animal connected 

with an infusion probe placed unilaterally in the hippocampus.  

We implanted the osmotic pump and infusion probe on day 1 and infused wild-type 

and 6663 transgenic mice with the irreversible proteasome inhibitor lactacystin (0.166 

mM) for three consecutive days. Mice were sacrificed directly after the 3-day infusion of 

lactacystin (day 3) or seven days after the infusion had ended (day 10). Accumulation of 

UBB+1 was detected using an anti-UBB+1 antibody on 50 µm coronal vibratome sections. 

Lactacystin treatment resulted in moderate accumulation of UBB+1 in 6663 transgenic 

mice at day 3, located mainly in hippocampal neurons around the infusion site spreading 

slightly to the CA1 area of the contralateral hippocampus (fig. 2A), with a small area void 

of staining where the infusion needle was placed. The intensity of the UBB+1 staining var-
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ied slightly between mice (n=4), in one animal no increase in UBB+1 expression was seen. 

Accumulation of endogenous Ub was used as a general marker for UPS dysfunction. Ub-

positive cells were present in a dispersed pattern throughout the brain. In the transgenic 

mice, only minor additional accumulation of Ub was present at day 3 (fig. 2D). However, 

these Ub levels increased to a much lesser extent compared to the UBB+1 levels; a de-

crease in expression was observed directly around the probe site (fig. 2D, decreased ex-

pression marked by an asterisk). In the wild-type control group, only two out of five mice 

showed a slightly higher hippocampal Ub expression after infusion of lactacystin (n=5, 

results not shown). 

As a control for the proteasome inhibitor we unilaterally infused physiological saline 

(Ringer‟s solution) into the hippocampus. After infusion of Ringer‟s, no increase in 

UBB+1 reactivity could be detected in the 6663 transgenic mice (n=7, fig. 2C), showing 

that the accumulation of UBB+1 after infusion of lactacystin is specific for UPS inhibitor 

 

Figure 2     Low concentrations of lactacystin induce reversible UBB+1 accumulation. A, D. Hippocampal 

infusion of the irreversible inhibitor lactacystin (0.166 mM) for three days in 6663 transgenic mice gives 

rise to clear accumulation of the UBB+1 protein, mainly in the ipsilateral hippocampus (A). In the same 

animal, Ub positive cells are dispersed throughout the brain, only minor additional accumulation of Ub is 

present at the infusion site (D). The Ub reactivity is slightly decreased around the infusion site, marked by 

an asterisk. B, E. Mice were perfused one week after the 0.166 mM lactacystin infusion into the hippo-

campus ended (day 10). UBB+1 6663 transgenic mice do not show accumulation of UBB+1 (B) or Ub (E) 

at this timepoint. C, F. Infusion of Ringer‟s saline in the hippocampus of 6663 UBB+1 transgenic mice for 

3 days does not give rise to additional accumulation of UBB+1 (C) or of Ub (F). The Ub reactivity is 

slightly decreased in the contralateral CA2/3 area, marked by an asterisk. The infusion needle was placed 

in the right hippocampus. 

 



112 

CHAPTER IV 

infusion. As wild-type mice do not endogenously express human UBB+1, UBB+1 positive 

staining was completely absent in these mice in all experimental conditions (n=4, result 

not shown). Additional accumulation of Ub around the infusion site compared to the con-

tralateral hippocampus was absent at day 3 in all wild-type (result not shown) and 6663 

transgenic mice (fig. 2F). In some cases, Ub expression was even slightly decreased in the 

CA2/3 area of the contralateral hippocampus (fig. 2F, marked by an asterisk). 

Considering the fact that lactacystin is an irreversible inhibitor of the UPS (Fenteany et 

al., 1995), we expected that the UPS inhibition at day 3 would persist up to day 10. Con-

trary to our expectations, the additional accumulation of UBB+1 observed at day 3 in the 

6663 transgenic mice had almost fully disappeared by day 10 (n=3, fig. 2B). Correspond-

ingly, no clear accumulation of Ub was visible at day 10 in the 6663 transgenic mice (fig. 

2E) or in the wild-type mice (n= 2, data not shown). The absence of both Ub and UBB+1 

accumulation at day 10 suggests that in this setup UPS inhibition induced by 0.166 mM 

lactacystin was reversed from day 3 to day 10 and thus might not have been complete. 

Again, Ringer‟s saline infusion was used a control. Similar to the results obtained at day 

3, infusion of Ringer‟s for 3 days did not induce accumulation of Ub or UBB+1 in a wild-

type or a 6663 transgenic mouse at day 10 (results not shown). 

 

 

Figure 3     Poly-ubiquitin chain accumulation after infusion of high concentrations of lactacystin. A, B. 

Infusion of high concentrations of lactacystin (1.66 mM) in FVB/N wild-type mice leads to massive accu-

mulation of poly-ubiquitinated proteins at day 3 in the ipsilateral hippocampus and cortex spreading to the 

contralateral side, shown by staining with an antibody directed against poly-ubiquitin chains (A). Infusion 

of Ringer‟s saline leads to only minor accumulation of poly-ubiquitinated proteins in wild-type mice at 

day 3 (B). 
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Table 1     Results of UPS inhibitor infusion in wild-type and line 6663 transgenic mice (summary) 

Condition n Ubiquitin staining UBB+1 staining Comments 

Ringer‟s day 3 wt 4 ~ not present 
  

tg 7 ~ ~ 
          

  

day 

7/10 

wt 5 ~ not present 
  

tg 3 ~ ~ 
      

 

lactacystin 

0.166mM   
day 3 wt 5 ↑ minor 

(in 2 out of 5 mice) 

not present 

different patterns 

UBB+1 and Ub 
 tg 4 ↑ minor 

(in 3 out of 4 mice) 

↑ clear in ipsil. hippo-

campus (3 out of 4 mice) 

↑ variable in contral. 

CA1/DG and cortex 
          

  

day 

10 

wt 2 ~ (only few darker cells) not present reversed inhibi-

tion of lacta. tg 3 ~ ~ 
       

lactacystin 

1.66mM   
day 3 wt 1 ↑ large directly at 

infusion site 

↓ in a large ring around 

infusion site 

not present 

tissue damage, 

different patterns 

UBB+1 and Ub 

tg 4 ↓ in a large ring around 

infusion site 

↑ around ring 

(in 3 out of 4 mice) 

cells with abnormal 

morphology 

(clear in 1 mouse) 

↑ very clear in contral. 

hippocampus and corti-

cal/thalamic areas near 

probe 

(2 mice strong effect, 

2 mice moderate effect) 

            

day 7 wt 2 ↓ in a large ring around 

infusion site 

↑ around ring (clear in 

1 out of 2 mice) 

not present 

large tissue 

damage, 

different patterns 

UBB+1 and Ub 

tg 3 ↓ in a large ring around 

infusion site 

↑ around ring 

↑ variable from modest 

to strong 

(1 mouse strong effect, 

2 mice moderate effect) 
       

MG262 

1.66mM 
day 3 wt 2 ~ / ↑ minimal not present 

different patterns 

UBB+1 and Ub 
tg 3 ↑ moderate in ipsil.  

DG and cortex 

↑ in ipsil. hippocampus 

            

day 7 wt 3 ↑ in ipsil. to contral. 

hippocampus 

cells with abnormal 

morphology 

not present 

tissue damage, 

different patterns 

UBB+1 and Ub, 

sustained inhibi-

tion of MG262 

tg 2 ↑ in ipsil. to contral. 

hippocampus 

cells with abnormal 

morphology 

↑ in ipsil. to contral. 

hippocampus 

absent around infusion 

site 

~ unaltered; ↑ increased; ↓ decreased; Ub: ubiquitin; wt: wild-type; tg: transgenic; ipsil.: ipsilateral, con-

tral.: contralateral, DG: dentate gyrus, lacta.: lactacystin 
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High concentrations of lactacystin irreversibly inhibit the UPS 

The unexpected reversal of lactacystin-induced UPS inhibition over time might be attrib-

uted to the concentration of the inhibitor; hence, we also infused a ten-fold higher concen-

tration of lactacystin (1.66 mM). Infusion of 1.66 mM lactacystin lead to widespread ac-

cumulation of poly-ubiquitinated proteins in a wild-type mice after three days of continu-

ous infusion, visualized by increased reactivity for poly-ubiquitin chains (LB112, 

(Iwatsubo et al., 1996)), indicating substantial UPS inhibition (fig. 3A). This large in-

crease in the levels of poly-ubiquitinated proteins was not present after infusion of 

 

Figure 4     High concentrations of lactacystin induce irreversible UBB+1 accumulation. A, C. Treatment 

of 6663 transgenic mice with a high dose of lactacystin (1.66 mM) induces a clear accumulation of the 

UBB+1 protein at day 3, mainly in the contralateral hippocampus spreading to adjacent thalamic areas (A). 

A decrease in Ub expression was found in a large circular area around the infusion site, bordered by a rim 

of intensely stained cells (C). Magnification of area left of the arrow: some Ub positive cells with abnor-

mal morphology are visible around the infusion site in the dentate gyrus (DG) in this animal (C, inset; bar 

= 100 µm). B, D. The UBB+1 accumulation present at day 3 persists up to day 7. The staining pattern of 

UBB+1, mainly in the contralateral hippocampus, is similar to day 3 (B). At day 7, the staining pattern of 

Ub resembles day 3 as well, however no irregular shaped cells are present in the hippocampus. Decreased 

Ub staining in the contralateral dentate gyrus is marked by an asterisk (D). Magnification of area left of 

the arrow: a few cells with abnormal morphology can be seen in the thalamic area (Thal) (D, inset; bar = 

100 µm). 
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Ringer‟s solution in comparable conditions (fig. 3B). Staining for Ub showed a somewhat 

different pattern; positive cells disappeared in a large ring around the infusion site bor-

dered by darker stained Ub-positive cells in the transgenic mice (n=4, fig. 4C). In one 

animal, many Ub accumulating cells showing abnormal morphology appeared in the hip-

pocampus, surrounding the infusion site (fig. 4C, inset). However, 1.66 mM lactacystin 

also caused extensive necrotic-like damage to the tissue of the ipsilateral hippocampus 

(fig. 4A, 4C). At day 3, considerable accumulation of UBB+1 was present in the 6663 

transgenic mice, mainly in the contralateral hippocampus and also in several additional 

ispi- and contralateral brain regions at some distance from the infusion site, e.g. cerebral 

cortex and thalamic areas (fig. 4A). Here, UBB+1 accumulation was more prominent and 

widespread compared to the lower concentration of lactacystin, indicating a dose -

dependent effect of lactacystin on the accumulation of UBB+1. In contrast to the 0.166 

mM lactacystin infusion, infusion of a ten-fold higher concentration of lactacystin (1.66 

mM) induced UBB+1 accumulation which remained present for four days after the 3-day 

infusion of lactacystin ended (day 7). This response varied from modest (not shown) to 

substantial UBB+1 accumulation (n=3, fig. 4B). Also, the elevated Ub levels in these 

transgenic mice (fig. 4D) and in wild-type control mice (n=2, result not shown) persisted 

up to day 7 in ipsilateral areas spreading to the contralateral hemisphere. A few abnor-

mally shaped cells were present in the ipsilateral thalamic area (fig. 4D, inset). The results 

obtained for UBB+1 and Ub at day 7 showed relatively high variability between animals. 

Unfortunately, tissue damage also increased over time, making it difficult to accurately 

compare protein expression patterns at day 3 and day 7. These results show that high con-

centrations of the proteasome inhibitor lactacystin result in irreversible UPS inhibition 

leading to UBB+1 accumulation which persists over time.  

 

MG262 causes UBB+1 accumulation in vivo 

In vitro, accumulation of UBB+1 induced by a reversible UPS inhibitor can be (partially) 

reversed after washout of the inhibitor (van Tijn et al., 2007). To confirm these results in 

vivo, we infused the reversible inhibitor MG262 for three days (1.66 mM) and perfused 

the mice directly (day 3) or 4 days after ending administration (day 7), allowing reversal 

of MG262 induced UPS inhibition. Hippocampal administration of MG262 in 6663 trans-

genic mice caused only slight Ub accumulation day 3, resulting in darker cells in e.g. the 

cortex and dentate gyrus (n=3, fig. 5C). Only a minimal increase in Ub was present in the 

wild-type mice at day 3 (n=2, not shown). As MG262 is a reversible inhibitor, we ex-

pected that washout of MG262 would lead to a decrease in Ub levels. However, the Ub 

accumulation was increased in the wild-type (n=3, not shown) as well as the 6663 trans-

genic mice (n=2) at day 7 (fig. 5D). Ub wild-type accumulated in a circular border around 

a necrotic-like Ub negative area, spreading to contralateral CA1 and DG areas (fig. 5D). 
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Many dark cells with abnormal morphology were present directly around probe site, in 

between the damaged tissue (fig. 5D, inset). These results suggest sustained UPS inhibi-

tion over time even after washout of MG262. Furthermore, MG262 infusion in 6663 

transgenic mice caused ipsilateral accumulation of UBB+1 at day 3 (n=3, fig. 5A) and this 

accumulation remained present up to four days after ending the MG262 administration 

(n=2, fig. 5B). We also observed that the UBB+1 accumulation spread to the contralateral 

CA1 area at day 7 (fig. 5B). The combined results for Ub and UBB+1, as summarized in 

Table 1, suggest that using this setup UPS inhibition induced by MG262 was not only 

sustained after a period without continuous inhibitor treatment, but also was more wide-

spread.  

 

 

Figure 5     UBB+1 accumulates irreversibly after UPS inhibition by MG262. A, C. After treatment with 

1.66 mM MG262, many UBB+1 positive cells are clearly visible in the ipsilateral hippocampus at day 3 

(A). In the same 6663 transgenic animal, Ub accumulates slightly in the 6663 transgenic mice in cells 

mainly in the ipsilateral dentate gyrus. The area directly around the infusion needle is devoid of staining 

(C). B, D. After 4 days of MG262 washout (day 7), UBB+1 is absent in the area directly around the probe 

site, accompanied by substantial tissue loss. UBB+1 accumulates in a ring-like shape around the necrotic 

area dispersing to the outer parts of the ipsilateral hippocampus and into the contralateral CA1 and dentate 

gyrus areas. (B). A similar staining pattern could be observed for the Ub protein (D). Magnification of 

area left of the arrow: cells with abnormal morphology are present in the vicinity of the infusion site (D, 

inset; bar = 100 µm). 
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UBB+1 does not accumulate during aging 

Proteasome function has been reported to decline during ageing in various tissue types, 

including in nervous tissue in rat (Keller et al., 2000), and also in several brain regions in 

aged mice (Zeng et al., 2005). We investigated if this reported decline in proteasome ac-

tivity would result in an increase in UBB+1 protein levels in the brains of the 6663 trans-

genic mice, as we showed in this study that UBB+1 readily accumulates after exogenous 

proteasome inhibition (fig 2A, 4A and 5A). We examined all brain regions where UBB+1 

protein expression could be expected due to the CamKIIα promoter expression pattern, 

including hippocampus, cortex, striatum and forebrain (Mayford et al., 1996). However, 

we did not find an increase in the levels of neuronal UBB+1 in any brain region studied in 

6663 transgenic mice up to 18 months of age (exemplified by the microphotographs of the 

hippocampus in fig. 6A-C). 

 

 

Figure 6     UBB+1 does not accumulate during aging. A-C. Expression pattern of hippocampal UBB+1 

protein in 6663 transgenic mice during aging. Female 6663 transgenic mice of 140 days old (A), 434 days 

old (B) and 567 days old (C) were stained with anti-UBB+1 antibody. Scale bar for A-C = 500 µm. 
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Discussion 

In this study, we generated and characterized a transgenic line with low-levels of neuronal 

UBB+1 expression (line 6663). In human, UBB+1 accumulates not only in the ubiquitin-

positive neuropathological hallmarks of tauopathies (van Leeuwen et al., 1998; Fischer et 

al., 2003; van Leeuwen et al., 2006), polyglutamine diseases (De Pril et al., 2004) but also 

in non-neuronal diseases, including alcoholic liver disease (McPhaul et al., 2002) and 

inclusion-body myositis (Fratta et al., 2004). We show here that the UBB+1 protein is 

barely detectable in line 6663 UBB+1 transgenic mice. This suggests that the UBB+1 pro-

tein is efficiently degraded in vivo, similar to our earlier observations in vitro showing 

proteasomal degradation of UBB+1 at low expression levels (Fischer et al., 2003; van Tijn 

et al., 2007). Indeed, UBB+1 accumulated in the 6663 transgenic mice only after inhibition 

of the proteasome by intracranial infusion of the irreversible proteasome inhibitor lacta-

cystin or the reversible inhibitor MG262 (results summarized in Table 1). These data con-

firm that at low-levels of expression, UBB+1 is normally degraded by the neuronal UPS in 

vivo. This strengthens our hypothesis that accumulation of UBB+1 in human neuropathol-

ogy indicates a dysfunctional UPS (Fischer et al., 2003; Hol et al., 2005).  

Strikingly, we found that 0.166 mM lactacystin-induced UPS inhibition had disap-

peared one week after the completion of the infusion, as shown by the absence of Ub and 

UBB+1 accumulation, even though lactacystin derived proteasome inhibition is considered 

to be irreversible (Fenteany et al., 1995). Lactacystin is a potent naturally occurring pro-

teasome inhibitor (reviewed by (Kisselev and Goldberg, 2001) of which the spontaneous 

derivative clasto-lactacystin β-lactone covalently binds to the active site threonine of the 

β5 subunit in the 20S core particle (Groll and Huber, 2004). The lactone has the highest 

affinity for the chymotryptic activity, although it also inhibits the trypsin-like (β2) and 

PGPH (β1) activities, the latter being a reversible process (Fenteany et al., 1995). How-

ever, due to the relative minor contribution of the reduction of PGPH activity to lacta-

cystin induced proteasome inhibition (Fenteany et al., 1995), this reversibility is not likely 

to cause the loss of UPS inhibition in our setup. The reversed inhibition can possibly be 

attributed to restoration of proteasome activity over time via slow hydrolysis of the β-

lactone-proteasome adduct in aqueous solutions by the formation of the inactive lacta-

cystin analogue clasto-lactacystin dihydroxy acid (Dick et al., 1996; Kisselev and Gold-

berg, 2001). Infusion of a higher concentration of lactacystin might overcome this latent 

reversibility of the inhibitor. Indeed, we show here that UPS inhibition induced by a 10-

fold higher concentration of lactacystin (1.66 mM) was irreversible over time. Another 

possibility is that the natural turnover of 20S core subunits influences the effectiveness of 

the inhibitor. In chicken skeletal muscle it was shown that the 20S subunits are constitu-

tively turned over, with ~55% of the β5 subunits being newly synthesized over 120 hours 

(Hayter et al., 2005). It is thus conceivable that the lactone-modified β5 subunit in the 
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core proteasome is replaced over time via intrinsic turnover of β5 subunits followed by 

degradation of the lactacystin-modified β5 subunit. Newly incorporated β5 subunits will 

hold full proteolytic activity, and so reverse the lactacystin induced UPS inhibition.  

In this study we also found sustained, and even increased, proteasome inhibition four 

days after MG262 infusion ended, although MG262 is considered to be a reversible in-

hibitor. MG262 belongs to the peptidyl boronic acid proteasome inhibitors (Adams et al., 

1998), a class of highly potent inhibitors. This class of inhibitors shows a slow dissocia-

tion rate of the boronate-proteasome adducts, leading to slow kinetics of inhibition rever-

sal (reviewed in (Kisselev and Goldberg, 2001)). This slow on/off rate could very well 

explain the sustained UPS inhibition over time by MG262 we observed in our setup. Pep-

tide boronates are highly specific towards inhibiting proteasome activity and are metaboli-

cally stable, making them excellent targets for drug development. The peptide boronate 

derivate PS-341, (Velcade, Millenium Pharmaceuticals), is indeed an FDA approved clini-

cal drug to treat relapsed multiple myeloma, acting on e.g. cell cycle progression and tu-

mor angiogenesis (Adams, 2004). We indeed also show in this study the long-lasting ef-

fects of MG262 treatment in vivo. The possibility that reversal of proteasome inhibition 

was unachievable in our setup using osmotic mini-pumps was negated, as proteasome 

inhibition by 0.166 mM lactacystin did reverse over time. 

It was previously shown that infusion of saline into mice cerebral cortex resulted in 

necrosis of the cortical tissue surrounding the probe site (Jablonska et al., 1993). We did 

not discern this in our study; infusion of Ringer‟s saline did not lead to tissue damage or 

substantial inhibition of the UPS, shown by the absence of UBB+1 or Ub accumulation. 

The minor accumulation of poly-ubiquitinated proteins found after Ringer‟s infusion (fig. 

3B) could point to an activation of the intracellular stress response due to the probe im-

plantation, leading to an upregulation of Hsp expression. Indeed, increased Hsp70 expres-

sion has previously been reported to occur after traumatic brain injury in rodents, e.g. 

(Brown et al., 1989; Chen et al., 1998) and human (Dutcher et al., 1998; Seidberg et al., 

2003). Also in our experiments, upregulation of Hsp70 immunoreactivity was present 

around the infusion site (not shown). Induction of the heatshock response can be regulated 

via the UPS, with the ubiquitin-ligase enzyme CHIP mediating e.g. heatshock mediated 

substrate ubiquitination (Qian et al., 2006). Implantation of the infusion probe could thus 

lead to a local stress response in the hippocampus, ultimately increasing the level of poly-

ubiquitinated substrates. 

In contrast to Ringer‟s infusion, high concentrations of lactacystin and prolonged ex-

posure to MG262 did result in substantial tissue damage in the ipsilateral hippocampus. 

Lactacystin is known to exhibit dose-dependent toxic effects and ultimately induces apop-

tosis in several neuronal cell types, including rat cerebellar granule cells (Pasquini et al., 

2000), rat dopaminergic cells e.g. (Rideout et al., 2001; McNaught et al., 2002; Fornai et 

al., 2003) and rat and mouse primary cortical neurons (Qiu et al., 2000; Yew et al., 2005). 
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These toxic properties possibly account for the increased tissue necrosis after infusion of 

high concentrations of lactacystin as opposed to low concentrations, as well as the in-

crease in tissue damage after prolonged duration of the exposure. This substantial tissue 

damage likely abolishes UBB+1 accumulation in the ipsilateral hippocampus, explaining 

why the majority of UBB+1 accumulation resides in the contralateral hippocampus after 

inhibition with high concentrations of lactacystin. The observed UBB+1 accumulation does 

appear to be more widespread than the Ub accumulation following UPS inhibition, indi-

cating that UBB+1 might be a more sensitive marker for UPS dysfunction than Ub in the 

6663 transgenic mice. 

Many studies report an age-dependent decline in UPS activity in various cell types 

including nervous tissue, accompanied by an increased amount of oxidized proteins 

(reviewed by (Carrard et al., 2002; Keller et al., 2002)). More specifically, an age-related 

decrease of tryptic, chymotryptic and PGPH proteolytic activities was found in aging rat 

spinal cord (Keller et al., 2000), hippocampus and cortex (Keller et al., 2000) and also in 

several brain regions in aged mice (Zeng et al., 2005). We expected that this endogenous 

long-term decline in proteasome activity might be reflected in accumulation of UBB+1 in 

aged 6663 transgenic mice, as we found massive accumulation of the protein after short-

term UPS inhibition with exogenous administered UPS inhibitors. However, we did not 

observe an alterations in UBB+1 immunoreactivity up to 18 months of age. This implicates 

that turnover of UBB+1 protein is unimpaired, and that a decline of proteasome activity 

might not be present. More likely, the levels of UBB+1 expression are at such a low level 

that a partial decrease of UPS activity (~40%, (Zeng et al., 2005)) is not directly reflected 

in accumulation of UBB+1. It must be noted that this decrease in proteolytic activity is 

measured in brain homogenates (Zeng et al., 2005), including all brain-derived cell types, 

and might not accurately reflect the activity decline in individual neurons, the only cell 

type which expresses UBB+1.  

Our results show that in the 6663 transgenic mice, the UBB+1 protein is degraded by 

the neuronal UPS in vivo. This observation validates our previous results obtained in neu-

ronal cell lines and primary cultures showing that UBB+1 is a ubiquitin fusion degradation 

substrate for proteasomal degradation at low expression levels (Lindsten et al., 2002; van 

Tijn et al., 2007). It also supports the hypothesis that in human, the UBB+1 protein is nor-

mally degraded and accumulates only when the UPS is compromised, as seen in the dis-

ease-specific hallmarks of tauopathies and polyglutamine diseases (Fischer et al., 2003). 

This novel transgenic line expressing low-levels of UBB+1 can serve as a model system to 

further elucidate the properties of UBB+1 and to study its role in neurodegenerative dis-

ease. 
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Abstract 

UBB+1 is a mutant ubiquitin which accumulates in the hallmarks of tauopathies, including 

Alzheimer‟s disease. Transgenic mice expressing high levels of neuronal UBB+1 exhibit 

moderately decreased proteasome activity and spatial reference memory deficits at 9 

months of age. In the present study, we characterized the behavioral phenotype of male 

UBB+1 transgenic mice at different ages. We found that UBB+1 transgenic mice showed an 

age-related functional decline similar to wild-type litter mates, without displaying gross 

neurological abnormalities or alterations in procedural (motor-) learning and motor coor-

dination at 3, 9, 15 and 21-24 months of age. At 15 months of age, spatial learning was 

not affected during the acquisition of the Morris watermaze. However, spatial reference 

memory during the probe trial was initially impaired in the transgenic mice, this deficit 

was eliminated after intense training. We conclude that the previously reported spatial 

reference memory deficits of UBB+1 transgenic mice persist, but do not aggravate during 

aging. In addition, our results demonstrate that spatial reference memory formation de-

pends on intact forebrain proteasome activity.  

 

Introduction 

The ubiquitin-proteasome system (UPS) is the main regulated pathway for intracellular 

protein turnover and is essential for maintaining cellular homeostasis. Substrate proteins 

are selectively targeted for proteolytic degradation by covalent attachment of a chain of 

ubiquitin moieties, ultimately resulting in degradation of the substrate by the 26S protea-

some (Glickman and Ciechanover, 2002). Besides tagging proteins for degradation, pro-

tein modification with one or more ubiquitins is involved in many other cellular processes 

e.g. endocytosis, DNA repair and transcriptional regulation (Welchman et al., 2005; Muk-

hopadhyay and Riezman, 2007). In the adult nervous system, the UPS also plays an im-

portant role in synaptic plasticity and learning and memory formation (DiAntonio and 

Hicke, 2004). This was first found in Aplysia, where the deubiquitinating enzyme Ap-Uch 

as well as 26S proteasome function proved critical for inducing long-term facilitation 

(Hegde et al., 1997; Chain et al., 1999). In rat, inhibiting hippocampal proteasome activity 

blocks long-term memory formation in an inhibitory avoidance task (Lopez Salon et al., 

2001). More recently, a role in cognitive function for deubiquitinating enzymes belonging 

to the class of ubiquitin C-terminal hydrolases is also described in mouse; Uch-l1 is essen-

tial for normal synaptic function (Gong et al., 2006) and both Uch-l1 and Uch-l3 are re-

quired for memory formation (Wood et al., 2005; Gong et al., 2006). Also in several other 

genetically manipulated mouse models with defective components of the UPS, learning 

and memory is affected (reviewed by (van Tijn et al., 2008)). 

As ubiquitin-dependent protein degradation plays an important role in neuronal devel-
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opment, as well as in maintenance of the adult nervous system, it is not surprising that 

malfunctioning of the UPS is implicated in the pathogenesis of neurodegenerative disease. 

This is reflected by the ubiquitin-positive protein aggregates present in the hallmarks of 

many neurological disorders, including Alzheimer‟s disease (AD) and Parkinson‟s disease 

(PD) (Ciechanover and Brundin, 2003). In addition, mutations in UPS related enzymes are 

proposed to be causative for forms of familial PD (Kitada et al., 1998; Leroy et al., 1998) 

and several disease-related proteins, including amyloid-β and tau in AD, can diminish 

proteasomal activity (Gregori et al., 1995; Keck et al., 2003; Lopez Salon et al., 2003). 

Another indication for UPS involvement in disease pathogenesis is the accumulation of a 

mutant ubiquitin (UBB+1) in the neuropathological hallmarks of tauopathies, including 

AD, and in Huntington‟s disease (van Leeuwen et al., 1998; Fischer et al., 2003; De Pril 

et al., 2004). We previously reported that UBB+1 is a ubiquitin-fusion degradation sub-

strate for proteasomal degradation (Lindsten et al., 2002). However, after exceeding a 

threshold level of expression, UBB+1 acts as inhibitor of the 26S proteasome (van Tijn et 

al., 2007). We therefore proposed that accumulation of UBB+1 in human brain is an en-

dogenous marker for proteasomal dysfunction (Fischer et al., 2003). 

We recently developed UBB+1 transgenic mouse lines with varying levels of neuronal 

UBB+1 expression to further study the properties of UBB+1 in vivo (Chapter 3). In the 

transgenic line 3413, high levels of postnatal UBB+1 expression led to neuronal accumula-

tion of the UBB+1 protein mainly in the cerebral cortex, hippocampus and striatum and 

resulted in a chronic low-level reduction of cortical chymotryptic proteasome activity in 

vivo, leading to the accumulation of ubiquitinated proteins (Chapter 3). In addition, these 

mice exhibited cognitive defects in spatial memory at 9 months of age; male 3413 trans-

genic mice showed intact spatial learning, but were significantly impaired in spatial mem-

ory retention in the Morris watermaze task. Also in a fear conditioning paradigm, 9-

months-old 3413 transgenic mice exhibited decreased context-related memory, whereas 

cued memory was unaffected (Chapter 3). 

In the present study, we further characterized the effects of chronic low-level neuronal 

UPS inhibition on gross neurological functioning, motor coordination and procedural mo-

tor learning in male UBB+1 3413 transgenic mice and their wild-type littermates, aged 3, 

9, 15 and 21-24 months. To study the persistence of the recently reported explicit memory 

dysfunction in these mice at 9 months of age, we assessed spatial learning and memory in 

the Morris watermaze paradigm at the age of 15 months. 

 

Materials and Methods 

Transgenic mice 

The previously described transgenic UBB+1 mouse line 3413 (Chapter 3) expresses human 
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UBB+1 cDNA under control of the murine CamKIIα promoter and was maintained on a 

C57/Bl6 background by breeding hemizygous mice males to wild-type mice females. 

Mice were genotyped on DNA isolated from ear-snips (Chapter 3) and 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). Behavioral experiments were performed in the light 

phase. Mice were housed solitarily one week before behavioral testing commenced. All 

experimental mice used in the present study were male, the experimenter was blind to the 

genotype of the mice. Animal experiments were performed conforming to national animal 

welfare law and under guidance of the animal welfare committee of the Royal Nether-

lands Academy of Arts and Sciences. 

 

General neurological behavior assessment 

General neurological reflexes were tested (Rogers et al., 1997) using the righting reflex, 

by observing if a mouse returned to a normal posture standing on four paws after being 

flipped over onto its backside (scored as present/not present). The corneal reflex was 

measured by observing an eye-lid blinking response after gently touching the cornea with 

the tip of a cotton swab (scored as present/not present). The reaching reflex was measured 

by lifting the mouse by the base of the tail to approximately 15 cm above a firm surface. 

The ability to extend the forelimbs reaching towards the surface was scored (present/not 

present) (Rogers et al., 1997). Neuromuscular strength was measured with a hanging wire 

test by placing a mouse on a stainless steel wire cage grid suspended approximately 30 cm 

in the air above soft bedding material. After the mouse firmly gripped the cage wires, the 

cage lid was slowly turned upside down and the latency to fall (s) was recorded, with a 

maximum duration of 60 s (protocol described in (Crawley, 1999)). To monitor hind limb 

escape extension mice were lifted by the base of the tail and the hind limb response, nor-

mally extension in an outward v-shape, was scored (present/not present) (as described in 

(Lewis et al., 2000). 

 

Rotarod 

An accelerating rotarod (model 47600, Ugo Basile Biological Research Apparatus, Italy) 

was used to measure motor-learning and coordination. The rotarod had a grooved rotating 

beam (diameter 3 cm) raised 16 cm above a platform, which was divided into five sections 

for five mice to be tested simultaneously. When falling from the rotating beam, the la-

tency to fall (s) was recorded electronically. Mice were allowed to familiarize with the 

beam for two 180 s trials with the rod rotating at a constant speed of 4 rpm on day 0. 

Starting the next day, mice were subjected to four 300 s trials per day for three consecu-

tive days (days 1-3) with an intertrial interval of ~15 min. Over the 300 s, the rotating 
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beam accelerated from 4 rpm to 40 rpm. Mice remaining on the beam during the full 300 s 

of the task were taken from the rotarod and given the maximum score. Mice were trained 

for another three consecutive days following the same protocol one week later (days 8-

10). The 3 and 15 months old mice were first subjected to watermaze training before be-

ing tested on the rotarod. Analysis of the data was done using WinDAS 2004 software (v 

3.0.145, Ugo Basile, Italy). 

 

Watermaze 

Mice were handled for four days before the experiment commenced. The watermaze con-

sisted 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 was performed as described previ-

ously in Chapter 3. Briefly, training commenced with a 120 s free-swim trial on day 1. 

Hidden platform training was conducted for four consecutive days (4 trials per day, ~30 

min inter-trial interval). Mice were allowed to search for a hidden circular platform (11 

cm diameter) for 60 s. The platform location remained constant during the trials (NW), the 

inlet position was chosen pseudorandomly (N, E, S, W) every trial. Memory retention was 

tested three days after acquisition training in a 60 s probe trial, in which the hidden plat-

form was removed. Inlet position was chosen in the opposite quadrant of the former plat-

form position. Directly following the first probe trial a visual platform test was performed, 

with both the platform location and the inlet location pseudorandomised. Visual training 

consisted of three consecutive trials wherein the animals had to locate a clearly visible 

platform. Mice not able to find the visual platform were excluded from the final analysis 

(2 transgenic, 3 wild-type mice). A second series of acquisition trials, followed by a sec-

ond probe trial, commenced three weeks after the first probe trial, following the same pro-

cedures as during the first acquisition phase. Directly following the second probe trial a 

third four-day acquisition phase commenced, followed by a third probe trial. The testing 

series were concluded by performing a second visual platform test following the third 

probe trial, similar to the first visual platform test. All trials were monitored by a camera, 

and recorded and analyzed using a computerized tracking system (Ethovision, Noldus, 

The Netherlands). 

 

Data analysis 

Analysis of bodyweight and hanging wire latencies were assessed with a Student‟s t-test 

or Mann-Whitney when the data was not normally distributed. Effects of age and geno-

type interactions on bodyweight and hanging wire latencies were analyzed with univariate 

ANOVA. For rotarod data analysis, the latencies to fall were averaged for every subject 

over the four trials per testing day. Latencies for wild-type vs. transgenic mice were com-
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pared per day with a Students t-test. To analyze the overall genotype and learning effects, 

a repeated measures ANOVA was performed with averaged day latencies for all six train-

ing days as a repeated within-subjects measure and genotype as a between-subjects factor. 

Additionally, repeated measures ANOVA was performed separately for days 1-3 and days 

8-10.  

For analysis of the watermaze acquisition trials, the latencies to find the hidden plat-

form location were averaged per acquisition day. Swimming speed was averaged over all 

four days of acquisition. For the probe trials, swimming speed was calculated separately. 

In all cases, swimming speed did not significantly differ between transgenic and wild-type 

mice. Statistical analysis was performed by planned comparisons between wild-type and 

transgenic mice per day for the acquisition and visual tasks using a Students t-test. For 

learning effects during the acquisition phase and visual tasks, repeated measures ANOVA 

was performed with day as repeated within-subject measure and genotype as a between-

subjects factor. For the probe trial scores (percentage of time spent in each quadrant), the 

time spent per quadrants was tested per quadrant per genotype against the expected value 

of 25% with a non-parametric one-sample Wilcoxon signed ranks test. All results are ex-

pressed as mean +/- S.E.M. and were considered significant when p<0.05. Statistical 

analysis was performed using SPSS for Windows (version 12.0.1). 

 

Results 

General neurological phenotype assessment 

UBB+1 transgenic mice over-express an aberrant form of ubiquitin in forebrain neurons, 

mainly located in the hippocampus, cortex and striatum (Chapter 3). These mice do not 

suffer from overt neuropathology in the form of tangles, amyloid plaques or activated 

neuroglia (Chapter 3). In this study, we examined if the 3413 UBB+1 transgenic mice 

showed gross phenotypic abnormalities in spontaneous home-cage behavior, including 

hyperactivity, anxiety and aggression. We did not detect any overt deviation from normal 

behavior in the 3413 transgenic mice up to 24 months of age. Body weight increased sig-

nificantly during aging (p<0.001), however without differing between male wild-type and 

3413 transgenic mice at any age (Table 1). The righting reflex was present in the wild-

type as well as the 3413 transgenic mice at all ages tested (Table 1). Also the reaching 

reflex and the corneal reflex were present and comparable in wild-type and 3413 trans-

genic mice at all ages (Table 1). To test the neuromuscular function we examined the es-

cape extension. Normally, when lifted by the tail, the hind limbs of the mouse extend in 

an outward “v-shape” (Lewis et al., 2000). Correct escape extension of the hind limbs was 

present up to 15 months of age without differences between the wild-type and transgenic 

mice. In the 21-24 month old mice, all the 3413 transgenic mice and the majority of the 
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wild-type mice (86%) displayed poor escape extension, keeping the hind limbs close to 

their body (Table 1). Neuromuscular strength was assessed with the hanging wire test 

(Crawley, 1999). The latency to fall (with a maximum of 60 s) did not significantly differ 

between the wild-type and transgenic mice at any age, although a general decrease in per-

formance was observed during aging (p<0.001). Also, no significant genotype or age*ge-

notype interactions were present (Table 1). 

 

Motor coordination and motor-learning 

An accelerating rotarod task was used to assess motor coordination and motor-learning 

skills. We tested naïve male 3413 transgenic and age-matched wild-type mice at the ages 

of 3, 9, and 15 months. The first training-week consisted of four trials per day during three 

consecutive days (days 1-3) to assess basic motor skills and procedural motor-learning 

capacities. A second comparable training session took place one week later (days 8-10). 

At the age of 3 months, both wild-type (n=9) and 3413 transgenic mice (n=6) performed 

equally well (fig. 1A). Repeated measures ANOVA over all training days revealed a sig-

nificant effect of training day (p=0.014), indicating that both wild-type and 3413 trans-

genic mice improved their motor skills, without showing an effect of genotype or 

day*genotype interaction. When the first and second training week (days 1-3 and days 8-

10) were analyzed as separate cohorts, during days 1-3 not only a significant effect of day 

was present (p<0.01), but also a significant interaction of day*genotype (p=0.049). This 

interaction between day and genotype was not significant for days 8-10. 

Table 1     Results of general neurological tests  

 3 months 9 months 15 months 24 months 

Test wt tg wt tg wt tg wt tg 

n 11 7 14 7 10 8 7 8 

weight 

(g)a 27.5±0.5 27.3±1.0 35.6±1.4 33.9±0.6 39.8±1.9 41.1±1.8 43.4±2.5 41.7±1.8 

righting 

reflex + + + + + + + + 

forelimb 

placing + + + + + + + + 

eye lid 

reflex + + + + + + + + 

escape 

ext. outward outward outward outward outward outward poor poor 

hanging 

wire (s)a 60.0 60.0 50.6±5.6 60.0 36.5±7.1 37.1±9.1 17.3±7.4 24.5±9.0 

a data are represented as average ± S.E.M.; +: present 
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At 9 months of age, the average latencies to fall did not differ at any day between 3413 

transgenic mice (n=12) and wild-type mice (n=13) (fig. 1B). A significant effect of train-

ing day was present over days 1-10 as well as over days 1-3 (p<0.001). This effect of 

training day was not present over days 8-10, indicating that the mice had reached a plateau 

performance on this task after the first week of training. No additional significant effects 

were present, further confirming that 3413 transgenic and wild-type mice performed 

equally well at this age. 

 

Figure 1     3413 transgenic mice exhibit normal rotarod performance. Motor coordination and motor-

learning were tested on an accelerating rotarod in naive 3413 transgenic mice and wild-type control mice 

at 3, 9 and 15 months of age. Latency to fall (s) from the rod were recorded electronically, with a maxi-

mum of 300 s. A-B: At 3 months of age (A) and at 9 months of age (B) motor skills are comparable be-

tween wild-type and transgenic mice. C: At 15 months of age, the 3413 transgenic mice perform signifi-

cantly less than wild-type mice on training day 8 (p=0.032) and day 9 (p=0.021). D: When the training 

period is extended for the 15 months old mice, no additional significant differences between wild-type and 

3413 transgenic mice are present up to day 38. All data are averages ± S.E.M. * p<0.05. 
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At 15 months of age, the 3413 transgenic mice performed significantly inferior to age-

matched wild-type mice on day 8 and day 9 in the second week of training (p=0.032, 

p=0.021 respectively, fig. 1C). A learning effect was present over days 1-3 and over all 

training days (effect of day; p<0.001), without an effect of genotype or day*genotype in-

teraction. However, repeated measures ANOVA for days 8-10 showed a significant effect 

of genotype (p=0.038), without an effect of training day. These data suggest that at 15 

months of age, the motor-learning skills of 3413 transgenic and wild-type mice were iden-

tical, but the plateau performance levels were significantly lower in the UBB+1 transgenic 

mice. To investigate if this decreased motor performance persisted over time, we extended 

rotarod training to a total of 18 days (3 training days per week, 6 weeks total). The results, 

depicted in figure 1D, show that the performance of the 3413 transgenic mice remained 

inferior to wild-type mice, even after saturated learning (fig. 1D). However, this effect did 

not reach significance for any individual timepoint after day 9, nor did repeated measures 

ANOVA for days 1-18 reveal a significant effect of genotype or day*genotype interac-

tion. 

 

Spatial learning and memory 

We recently reported that 3413 transgenic mice exhibit spatial reference memory deficits 

in the Morris watermaze and in a fear conditioning paradigm at 9 months of age (Chapter 

3). Here, we analyzed if spatial reference memory further declined during aging. There-

fore, we tested naïve 3413 transgenic mice (n=8) and wild-type littermates (n=10) in the 

watermaze at 15 months of age. The hidden platform position remained constant in the 

NW quadrant during acquisition. During acquisition days 1-4, transgenic and wild-type 

mice performed indistinguishable on a day-by-day basis, without significant effects of 

day, genotype or interaction between these factors (fig. 2A). The absence of an effect of 

day suggested that both wild-type and transgenic mice did not learn the task properly. The 

results of the 60 s probe trial to assess spatial memory retention indeed demonstrated that 

neither group showed a significant preference for the NW quadrant (fig. 2B), the trans-

genic mice even spent significantly less time in the former platform quadrant NW 

(p=0.008 for NW, fig. 2B). The average distance to the former platform position did not 

differ significantly between wild-type and transgenic mice (fig. 3A, probe trial 1). In the 

visual task, directly following the probe trial, both groups performed also sub-optimal, as 

no learning effect was present (fig. 4A). Although the 3413 transgenic mice tended to 

perform less than the wild-type mice, this effect was not statistically significant. 

Aged C57Bl/6 mice show declined spatial reference memory, expressed as a reduced 

preference for the former platform quadrant than young mice (Bach et al., 1999; von Boh-

len und Halbach et al., 2006). This could possibly account for the poor performance dis-

played by the wild-type and transgenic mice at 15 months of age after one week of acqui-
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Figure 2     3413 transgenic mice show impaired performance in the Morris watermaze. Spatial perform-

ance at 15 months of age was assessed in the Morris watermaze. A: Mean escape latencies (s) to find the 

hidden platform in the NW quadrant do not differ between wild-type and 3413 transgenic mice during 

days 1-4 of acquisition. B: The mean time spent in every quadrant of the maze is plotted as percentage of 

the total time of the 60 s probe trial after the first week of acquisition training. Neither the wild-type mice 

or the 3413 transgenic mice significantly prefer the former platform quadrant NW. C: Mean escape laten-

cies (s) to find the hidden platform are plotted for the second week of acquisition training, with the wild-

type and transgenic mice performing equally well during the second acquisition phase. D: The percentage 

of time spent in each quadrant of the maze during the second probe trial. The wild-type mice show a sig-

nificant preference for the former platform quadrant NW during the second 60 s probe trial, whereas the 

3413 transgenic mice do not show a preference for the NW quadrant. E: Mean escape latencies (s) to find 

the hidden platform plotted for the third week of acquisition, no significant differences are present be-

tween wild-type and 3413 transgenic mice. F: The percentage of time spent in each quadrant of the maze 

during the third probe trial, both the wild-type and 3413 transgenic mice show a significant preference for 

the former platform quadrant NW. All data are averages ± S.E.M. * p<0.05. 
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sition. Therefore, we extended the training period to improve acquisition of the watermaze 

task. Three weeks after the first probe trial, two additional sessions of acquisition trials 

(days 5-8 and days 9-12) were conducted in a similar fashion as days 1-4, each followed 

by a probe trial. During this prolonged acquisition, mice showed decreasing escape laten-

cies over all acquisition days (days 1-12, effect of day, p<0.01), however this effect did 

not reach significance if the acquisition sessions were analyzed separately for days 5-8 

(fig. 2C) or days 9-12 (fig. 2E). Furthermore, no effects of genotype or day*genotype in-

teractions were present or significant differences between the groups on a day-by day ba-

sis. 

In the second probe trial, following the first week of extended acquisition, wild-type 

mice demonstrated a significant preference for the NW quadrant during the probe trial 

(p=0.01, fig. 2D), indicating the establishment of spatial reference memory. Also, the time 

spent in the opposite quadrant (SE) was significantly lower than the expected 25% chance 

level (p=0.002, fig. 2D). In contrast, the 3413 transgenic mice did not prefer the former 

hidden platform location in the NW quadrant, but rather showed a significant preference 

for the NE quadrant (p=0.016, fig. 2D). This effect was also observed as a trend in the 

transgenic mice during the first probe trial. The average distance to the former platform 

position was lower for the wild-type mice, however this effect was not significant 

(p=0.109, fig. 3, probe trial 2). These results indicated that the wild-type mice were capa-

ble of remembering the hidden platform position after four days of extended acquisition, 

whereas the transgenic mice were not, although the 3413 transgenic mice did have an in-

creased preference for this quadrant compared to the first probe trial. In the final probe 

trial following acquisition days 9-12, both the wild-type and transgenic mice showed a 

 

Figure 3     Distance to the former platform position and average distance moved. A: The mean distance 

(cm) to the former platform position in the NW quadrant is plotted per probe trial. B: The average total 

distance moved (cm) is plotted for probe trial 1 to 3. For each trial, the distances to do not differ signifi-

cantly between wild-type and 3413 transgenic mice. All data are averages ± S.E.M. 
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significant preference for the former platform quadrant NW (p=0.004 and p=0.031 for 

wild-type and transgenic mice respectively, fig. 2F). The distance to the former platform 

position did not differ between the groups (fig. 3, probe trial 3). The observed minor mo-

tor-deficit on the rotarod task in the transgenic mice at the age of 15 months (fig. 1C, day 

8 and 9) might also affect the swimming performance of these mice in the watermaze. 

However, swimming speed (not shown) and average distance moved (fig. 3B) did not 

differ significantly between the transgenic and wild-type mice during any of the probe 

trials. These results indicated that the 3413 transgenic mice eventually were capable of 

optimal performance on the watermaze task after prolonged training. Finally, a second 

visual test was performed, in which both groups performed equally well and improved 

their performance compared to the first visual test (fig. 4B). 

 

Discussion 

In this study we examined neurological functions, coordinated movement and cognitive 

performance in 3413 UBB+1 transgenic mice. At 15 months of age, UBB+1 transgenic 

mice display a delay in the formation of hippocampus-related spatial reference memory in 

the Morris watermaze task. Initial deficits were compensated for by intense training. This 

observation corroborates our previous results showing impaired hippocampus-dependent 

spatial memory at 9 months of age (Chapter 3). This cognitive deficit is not accompanied 

by an overt neurological phenotype. Also, procedural motor-learning and motor skills are 

 

Figure 4     Performance in the visual platform trials is normal for 3413 transgenic mice. A: The mean 

escape latencies (s) to find the visual platform during the first visual task (following probe trial 1) do not 

significantly differ for any trial between the wild-type and 3413 transgenic mice. B: The mean escape 

latencies (s) during the second visual trial (following probe trial 3) are decreased compared to the first 

visual task, and do not differ between wild-type and 3413 transgenic mice. All data are averages ± S.E.M. 
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unimpaired in the 3413 transgenic mice at the ages of 3, 9 and 15 months. The lack of an 

obvious aggravation of the cognitive phenotype during aging is corroborated by the appar-

ent equal levels of expression of the UBB+1 transgene during aging of the mouse (Chapter 

3). 

We measured motor skills with an accelerating rotarod, a test suitable to assess motor-

learning and coordination in mice (Rustay et al., 2003). The cerebellum plays a central 

role in general motor coordination (Hikosaka et al., 2002), and in rotarod performance in 

C57Bl/6 mice (Goddyn et al., 2006). Additional brain regions, e.g. the striatum and motor 

cortex, are also implicated in rotarod motor-learning in mice (Costa et al., 2004). In the 

3413 transgenic line, UBB+1 is expressed under the CamKIIα promoter, giving rise to 

UBB+1 protein expression in neurons mainly in the hippocampus, cortex and the striatum. 

However, the cerebellum and brainstem are devoid of UBB+1 (Chapter 3). Therefore, we 

did not expect to observe severe motor deficits. Indeed, rotarod performance was not sig-

nificantly decreased in the 3413 transgenic mice at 3 or 9 months. At 15 months, the per-

formance of the transgenic mice appeared to be modestly decreased compared to wild-

type mice, although this effect reached significance only on day 8 and 9. We did detect a 

general age-related decline in performance, a similar effect was observed in other rotarod 

studies conducted in C57Bl/6 mice (Fetsko et al., 2005; Serradj and Jamon, 2007). 

We did not observe a clear aggravated decline in watermaze performance of the 

UBB+1 transgenic mice between 9 and 15 months of age. However, a direct comparison of 

data was not feasible due to the extended acquisition required for the wild-type control 

mice to learn the task at 15 months of age compared to 9 months of age. This decreased 

performance in aged wild-type mice corresponds to results obtained in other studies show-

ing an age-dependent decline in spatial memory in C57Bl/6 mice (Bach et al., 1999; von 

Bohlen und Halbach et al., 2006). Another confounding factor was the preference for the 

NE quadrant displayed by the 3413 transgenic mice during the first two probe trials. Pos-

sible factors contributing to this erroneous behavior could be unanticipated additional vis-

ual, auditory or olfactory cues in the testing area during the probe trials which preferen-

tially affected the transgenic mice. It has been reported previously that extended training 

improves spatial memory retention in mice (e.g. (Nicolle et al., 2003)). In genetically ma-

nipulated mice, showing a spatial memory deficit on earlier probe trials, extended training 

can ultimately result in performance indistinguishable from wild-type mice (Gordon et al., 

1996; Costa et al., 2003). We also corroborate in our study that extended training im-

proved spatial memory in the wild-type mice and further training restored the performance 

of the transgenic mice to wild-type levels during the third probe trial. The transgenic mice 

did not perform inferior to the wild-type mice during acquisition of the task, indicating 

that spatial learning is intact. This is also supported by the observation that throughout 

probe trial 1 to probe trial 3, the percentage of time spent in the NW target quadrant in-

creased in the wild-type mice as well as the 3413 transgenic mice. 
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Cognitive decline is the most salient and earliest clinical feature of AD (Walsh and 

Selkoe, 2004), and is also manifest in a substantial percentage of PD patients (Emre, 

2003). This is reflected in many transgenic mouse models for AD, wherein AD-related 

neuropathology is accompanied by a decline in cognitive function, including deficits in 

spatial reference memory (Hsiao-Ashe, 2001). Transgenic models of PD are mainly char-

acterized by dopaminergic changes in the brain, motor dysfunction and decline in proce-

dural memory (Fleming and Chesselet, 2006), however age-dependent cognitive decline 

has also been described in a PD mouse model carrying a mutation in α-synuclein (Freichel 

et al., 2007). Our recent findings of hippocampus-dependent explicit memory deficiencies 

in 9 months-old UBB+1 3413 transgenic mice (Chapter 3) are extended in the present 

study to 15 months of age. The UPS inhibitory properties of UBB+1 induced a modest 

decrease in the chymotryptic activity of the 26S proteasome in cortex homogenates of 

these mice (Chapter 3), suggesting that a life-long inhibition of the proteasome is related 

to the inferior cognitive performance. Inhibition of the UPS could thus be an underlying 

mechanism in AD and PD contributing to the decline of cognitive functions. Indeed, 

changes in components of the UPS machinery are found in brains of AD and PD patients 

(Keller et al., 2000; Lopez Salon et al., 2000; McNaught and Jenner, 2001). 

However, the molecular mechanisms of the observed behavioral phenotype are not yet 

unravelled. We did not observe altered levels of (ubiquitinated) synaptic proteins in cortex 

homogenates of transgenic mice using proteomic analysis in previous experiments 

(Chapter 3). This does not rule out the possibility that subtle changes in the levels of these 

relatively low-abundance proteins were not detected using this setup (Garbis et al., 2005). 

Analyzing expression of (known) UPS substrates locally at the synapse might allow dis-

covering the mechanism responsible for chronic proteasome inhibition-induced memory 

deficits. Besides proteolytic degradation, local protein synthesis is also required for long-

term synaptic modulation (Pfeiffer and Huber, 2006). In rat hippocampal slices, the bal-

ance between protein synthesis and protein degradation determines long-term synaptic 

strength (Fonseca et al., 2006). The low-level neuronal proteasome inhibition in the 

UBB+1 transgenic mice might disturb this delicate balance, and thus hamper long-term 

memory formation. Inhibition of the proteasome also impairs protein synthesis in neuronal 

cell lines (Ding et al., 2006), adding an additional layer of complexity to the mechanism 

behind UBB+1 mediated cognitive decline. 

In conclusion, our results point to a role for the UPS in establishment of spatial refer-

ence memory, as proteasome dysfunction induced by UBB+1 expression abrogates this 

process in UBB+1 transgenic mice. These observations provide further evidence that intact 

forebrain proteasome function is essential for cognitive function. 
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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 
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A decade of UBB+1 

UBB+1 was discovered over a decade ago as an aberrant protein accumulating in the neu-

ropathological hallmarks of Alzheimer‟s disease (AD) and Down Syndrome (DS), includ-

ing in neurofibrillary tangles, neuropil threads and dystrophic neurites (van Leeuwen et 

al., 1998). UBB+1 is formed by “molecular misreading”, a process giving rise to di-

nucleotide deletions in messenger RNA (mRNA), preferably in or around GAGAG repeti-

tive motifs (Evans et al., 1994; van Den Hurk et al., 2001). Subsequent translation of 

these aberrant mRNAs results in proteins showing a frameshift in the alternate +1 open 

reading frame. In the case of UBB+1, an mRNA ΔGT or ΔCT di-nucleotide deletion close 

to the C-terminus of the first or third ubiquitin repeat respectively results in translation of 

the UBB+1 protein, harboring a C-terminal extension of 19 amino acids (van Leeuwen et 

al., 1998). Molecular misreading has furthermore been shown to occur in amyloid-β pre-

cursor protein (APP) mRNA, resulting in a frameshifted APP protein (APP+1). APP+1 also 

accumulates in the neuropathological hallmarks of AD and DS and often co-localizes with 

UBB+1 (van Leeuwen et al., 1998). It was initially hypothesized that the rate of molecular 

misreading increased during aging; UBB+1 and APP+1 proteins were detected only in dis-

eased subjects and aged controls. Hence, molecular misreading was hypothesized to con-

tribute to the early pathology in AD and even be an underlying cause for AD pathology 

(van Leeuwen et al., 1998). However, later studies by our group and by others revealed 

that frameshifted UBB and APP mRNA transcripts are present at similar levels in dis-

eased subjects as well as young control subjects (Fischer et al., 2003; Gerez et al., 2005), 

indicating that molecular misreading is a continuous process during life. The gradual ac-

cumulation of +1 proteins is thus more likely attributable to confounding factors allowing 

accumulation of aberrant proteins during aging or disease progression and not to an in-

creased rate of molecular misreading. 

The precise mechanism behind molecular misreading is as yet unknown. It has been 

suggested that the di-nucleotide deletions originate from RNA polymerase slippage, as 

well as from post-transcriptional RNA editing (van Leeuwen et al., 2000). Also a failure 

of RNA quality control could underlie the presence of the +1 transcripts. Normally, aber-

rant mRNAs are selectively targeted for degradation by the nonsense-mediated mRNA 

decay (NMD) pathway (reviewed by (Chang et al., 2007). This pathway recognizes 

mRNAs which contain a (premature) termination codon located more than 50-55 nucleo-

tides upstream of the 3‟-outer exon-exon junction, marked by an exon-junction complex 

(Nagy and Maquat, 1998). In the UBB+1 transcript, no exon-exon boundary is present af-

ter the newly formed termination codon, and these transcripts are thus not likely to be 

targeted for NMD. On the other hand, APP+1 transcripts contain a premature termination 

codon in exon 9 or 10, far upstream of the outer 3‟exon-exon junction at exon 17 and 18. 

Hypothetically, APP+1 transcripts should be subjected to NMD. The presence of APP+1 
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protein in diseased patients may thus point to a failing RNA quality control system. Re-

cently, it was hypothesized that UBB +1 and APP+1 proteins could also result from ribo-

somal frameshifting during translation of intact UBB and APP mRNA. The outcome of 

this ribosomal frameshifting would be proteins with C-termini similar to UBB+1 and 

APP+1 (Wills and Atkins, 2006). 

Degradation of proteins can be executed by various proteolytic systems, including 

lysosomal degradation, chaperone-mediated autophagy, and substrate-specific degradation 

by the ubiquitin-proteasome system (UPS) for protein quality control. The frequency of 

molecular misreading is very low, occurring in less than 1 in 105 to 106 transcripts (Gerez 

et al., 2005), and does not differ between AD and DS patients and non-demented control 

subjects (Fischer et al., 2003; Gerez et al., 2005). Therefore, it is likely that the accumula-

tion of the aberrant proteins in diseased patients can be attributed to a failing protein qual-

ity control system. This hypothesis is further supported by the finding that the UBB+1 pro-

tein is a natural substrate for proteolytic degradation by the UPS (Lindsten et al., 2002). 

The decrease in proteasome function associated with aging (Keller et al., 2000) and neu-

rodegenerative disease (reviewed by (Ciechanover and Brundin, 2003)) could underlie the 

accumulation of the UBB+1 protein. Accordingly, UBB+1 accumulation in disease is postu-

lated to be an endogenous marker for general proteasome dysfunction (Fischer  et al., 

2003). In the case of APP+1, it is not known if this aberrant protein is normally targeted for 

proteasomal degradation. However, similar to the wild-type APP cleavage products 

sAPPα and sAPPβ, APP+1 is a secreted protein and accumulates in the cerebrospinal fluid 

in human (Hol et al., 2003), as well as in a transgenic mouse model neuronally expressing 

APP+1 (Fischer et al., 2006). Proteasomal degradation takes place in the cytosol as well as 

the nucleus, and proteasomes are occasionally localized on the cytosolic surface of the 

endoplasmatic reticulum membrane (Wojcik and DeMartino, 2003). APP+1 is normally 

trafficked through the endoplasmatic reticulum and Golgi complex (van Dijk et al., 2004) 

and could there be a target for the proteasomal degradation. However, if APP+1 accumula-

tion is affected by a decrease in protein quality control has not been further studied yet. 

Molecular misreading does not only occur in the nervous system; +1 frameshift pro-

teins can also be formed in non-neuronal cells. This was first demonstrated in a transgenic 

mouse model for molecular misreading expressing multiple copies of the rat vasopressin 

gene. Frameshifted vasopressin protein was detected in tissues showing high transgene 

expression, including the epididymis and parotid gland (Van Leeuwen et al., 2000). More 

recently, UBB+1 accumulation was also detected in the pathological hallmarks of several 

non-neuronal diseases which show ubiquitin-positive pathology, including muscle disease 

(Fratta et al., 2004; Olive et al., 2008), alcoholic liver disease (McPhaul et al., 2002) and 

alpha(1)-antitrypsin deficiency (Wu et al., 2002). These results indicate that UPS dysfunc-

tion the can be a general underlying cause for UBB+1 accumulation in a variety of dis-

eases. 
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Processing of UBB+1, a dual proteasome substrate and 

inhibitor 

The precise mechanism by which UBB+1 is processed remains elusive. Ubiquitin is trans-

lated as a fusion protein of ubiquitin and a ribosomal protein or as a polyubiquitin precur-

sor protein of three head-to-tail ubiquitin repeats (UBB). To generate monomeric ubiq-

uitin, these precursors are cleaved at the ubiquitin C-terminal glycine by ubiquitin C-

terminal hydrolases (UCHs), belonging to the family of deubiquitinating enzymes (DUBs) 

(Larsen et al., 1998). Lam et al. were the first to show that UBB+1 is not proteolytically 

cleaved by the DUB UCH-D, due to the presence of a 19 amino acid C-terminal extension 

(Lam et al., 2000). In addition, this in vitro study showed that UBB+1 is not actively in-

volved in the ubiquitination of substrate proteins, as it cannot conjugate to the ubiquitin-

activating enzyme E1. Conversely, UBB+1 is ubiquitinated itself, and the resulting UBB+1 

containing ubiquitin chains are refractory to deubiquitination by isopeptidaseT. This DUB 

requires an unconjugated C-terminal glycine for deubiquitination, which is not present in 

UBB+1. This study was also the first to show that ubiquitinated UBB+1 (Ubx-UBB+1) can 

inhibit proteasomal substrate degradation in a cell free system (Lam et al., 2000). 

These results were corroborated in a neuroblastoma cell line, where high levels of 

UBB+1 expression resulted in stabile levels of UBB+1 protein, ultimately leading to apop-

totic-like cell death (De Vrij et al., 2001). UBB+1 also proved to hold seemingly opposing 

proteasome-related properties; UBB+1 is not only an inhibitor of the UPS, but also a ubiq-

uitin-fusion degradation (UFD) substrate for the proteasomal degradation (Lindsten et al., 

2002). Similar to other UFD substrates (Johnson et al., 1995), UBB+1 is ubiquitinated on 

internal lysine residues K29 and K48. Ubiquitination of UBB+1 at both lysine residues is 

essential for optimal processing by the proteasome. Intriguingly, enhancement of the UFD 

degradation signal further strengthens the proteasome inhibitory capacity of UBB +1 

(Lindsten et al., 2002). Notably, UBB+1 is the first identified naturally occurring UFD 

substrate in human. The proteasome substrate properties of UBB+1 also offer an explana-

tion for the resistance to deubiquitination by isopeptidaseT (Lam et al., 2000), as isopepti-

daseT shows specific activity toward unanchored ubiquitin chains and does not cleave 

ubiquitin moieties from substrate proteins (Wilkinson et al., 1995). Confirming previous 

observations, Lindsten et al. also showed that UBB+1 acts as a UPS inhibitor, using a 

green fluorescent protein (GFP)-reporter cell line for proteasome activity expressing the 

artificial proteasome substrate UbG76V-GFP (Lindsten et al., 2002). UbG76V-GFP is nor-

mally degraded by the UPS, however, when the proteasome is inhibited, degradation of 

UbG76V-GFP is prevented resulting in green fluorescence (Dantuma et al., 2000). Overex-

pression of UBB+1 in this cell line resulted in GFP accumulation in the vast majority of 

transduced cells (Lindsten et al., 2002). 
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These dual properties of UBB+1 were further studied as described in Chapter 2. Here, 

we offer an explanation for the dual UPS substrate-inhibitory properties of UBB+1. We 

demonstrate in HeLa cells that UBB+1 shifts from UPS substrate to proteasome inhibitor 

depending on the level of expression. UBB+1 is a substrate for proteasomal degradation at 

low expression levels. Only at high expression levels the protein accumulates and subse-

quently induces dose-dependent proteasome inhibition. This observation also holds in 

mouse organotypic cortex slices, a system that reflects a multi-cellular environment 

wherein neuronal connectivity and neuron-glia interactions are considered to be well pre-

served (Sundstrom et al., 2005), and which closer resembles the human brain than the 

previously used HeLa and neuroblastoma cell lines. In these organotypic cultures, the 

UBB+1 protein is degraded when expressed at relatively low levels using a lentiviral vec-

tor (Chapter 2). Higher levels of expression, achieved with adenoviral transduction of 

UBB+1, lead to accumulation of UBB+1 and inhibition of the UPS. 

The levels of expression required to initiate UBB+1 accumulation differ from one 

physiological setting to another. This is best exemplified by the differential effect of lenti-

viral UBB+1 transduction on accumulation of the protein in several (neuronal) model sys-

tems. Lentiviral UBB+1 transduction induced sufficient expression for UBB+1 to accumu-

late in the human neuroblastoma cell line SH-SY5Y, as reported in Chapter 2, as well as 

in mouse primary neuron cultures (Lindsten et al., 2003). On the other hand, in cortex 

slice cultures obtained from the same mouse strain, lentiviral expression did not give rise 

to UBB+1 accumulation, shown in Chapter 2. Also after stereotactical injection of lentivi-

ral UBB+1 in the rat hippocampus, UBB+1 protein could not be detected (Fischer et al., 

2003). These results indicate that not only the choice of expression vector, but also the 

physiological context wherein UBB+1 is expressed will influence the expression levels of 

the protein and thereby determine the UPS-related properties of the protein. Therefore, 

caution should be taken when these results obtained in vitro are translated to the human 

situation. 

 

UBB+1 induced proteasome inhibition in vivo 

To closer resemble the human UBB+1 neuropathology by studying the properties of 

UBB+1 in vivo, we developed three transgenic mouse lines expressing varying levels of 

neuronal UBB+1, as described in Chapters 3 and 4. Using these transgenic lines, the dual 

UPS substrate/inhibitor properties of UBB+1 as demonstrated in vitro could be corrobo-

rated in vivo. Indeed, when expressed at low levels (17% of endogenous UBB mRNA, 

transgenic line 6663), the UBB+1 protein is degraded by the proteasome. Only after hippo-

campal inhibition UPS of the using pharmacological proteasome inhibitors, UBB+1 protein 

accumulation can be observed. UBB+1 is expressed at high levels in the transgenic lines 

3413 and 8630 (49% and 67% of endogenous UBB mRNA respectively). In these lines, 
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UBB+1 accumulates in the neuronal population wherein the transgene is expressed. The 

relative UBB+1 mRNA expression level in lines 3413 and 8630 is increased by ~3.5-fold 

compared to line 6663, whereas the difference on UBB+1 protein level is much greater: the 

expression of UBB+1 in line 8630 is ~14-fold higher than in line 6663. These data also 

indicate that UBB+1 protein levels are regulated by a post-transcriptional mechanism and 

that UBB+1 expression must first surpass a threshold level before accumulation com-

mences, similar to the data obtained in vitro in Chapter 2. We also investigated if UBB+1 

also acts as an inhibitor of the UPS in vivo at high expression levels. The chymotryptic 

proteasome activity, measured in cortex homogenates of 3413 transgenic mice, indeed 

showed a modest significant decrease compared to wild-type mice. Also in the 8630 trans-

genic mice, the proteasome activity is decreased, as shown in Chapter 3. 

To further explore these UPS inhibitory properties of UBB+1 in vivo, we performed 

stereotactic injections of lentiviral UBB+1 into the hippocampus of mice expressing the 

UbG76V-GFP reporter (Lindsten et al., 2003). Conversely, we injected lentiviral UbG76V-

GFP in line 3413 transgenic mice expressing neuronal UBB+1. As a control, we injected 

lentiviral UBB+1 with a double lysine mutation (UBB+1K29,48R). UBB+1K29,48R cannot be 

ubiquitinated and is thus not is not targeted to the proteasome to be degraded. The results 

of these experiments are summarized in Table 1. 

In the UbG76V-GFP transgenic mice, injection of lentiviral UBB+1 does not cause accu-

mulation of the GFP reporter, suggesting that UBB+1 does not inhibit the proteasome in 

these mice. However, lentiviral UBB+1 expression is also not sufficient to cause accumu-

lation of UBB+1 protein in these mice (data not shown), indicating that UBB+1 is ex-

pressed at low levels and degraded by the proteasome. When the UbG76V-GFP reporter is 

injected into UBB+1 transgenic mice, one would expect that the reporter accumulates due 

Table 1     Lentivirus particles (1,0x106 transducing units in 1 µl) were stereotactically injected into the 

hippocampus of various transgenic mouse lines. Non-transgenic littermates were used as wild-type con-

trols (C57Bl/6 background). Mice were intracardially perfused 10 days post-injection and 50 µm vibra-

tome sections of the brain were stained for GFP with immuno-fluorescence (Fluorescent GFP) and im-

muno-histochemistry (DAB GFP) with a polyclonal anti-GFP antibody (Chemicon). -: no GFP present; 

+: GFP positive staining present; NA: no data available. 

Mouse Line Lentiviral Injection Fluorescent GFP DAB GFP 

UbG76V-GFP/2 UBB+1 - - 

UBB+1K29,48R - -  

UBB+1 line 3413 UbG76V-GFP - + 

wild-type control UBB+1 NA - 

 UBB+1K29,48R NA - 

 UbG76V-GFP - + 
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to the UBB+1 induced proteasome inhibition. The results, as shown in Table 1, do not give 

conformation of decreased proteasome activity in the UBB+1 transgenic mice. Using fluo-

rescent staining techniques, no GFP accumulation was detected. When GFP was assessed 

with a immuno-histochemical staining, only a few GFP positive cells were detected. 

These sparsely present cells showed an astrocytic morphology, suggesting that the GFP 

accumulation was not attributable to UBB+1, as UBB+1 is only expressed in neurons. 

When the UbG76V-GFP reporter was injected in wild-type mice, also a few GFP positive 

cells were detected. Therefore, the GFP accumulation in these mice is most likely caused 

by the stereotactic injections leading to cellular stress and subsequent accumulation of the 

reporter, and not to inhibition of the proteasome by UBB+1. 

The absence of GFP reporter accumulation in the UBB+1 mice can have several under-

lying causes. As mentioned above, the expression levels of UBB+1 achieved with lenti-

virus could be insufficient to induce accumulation of the reporter. Also, the GFP reporter 

might not be sensitive enough to detect the modest decrease in UPS activity in the 3413 

transgenic mice, as the reporter only accumulates at levels over 50% chymotryptic-like 

proteasome inhibition in cell lines (Dantuma et al., 2000), whereas in the 3413 transgenic 

line only a ~20% UPS inhibition is observed. A third possibility is that, despite the re-

ported broad tropism of lentivirus and its ability to transduce neuronal cells (Ehrengruber  

et al., 2001), mostly astrocytes are transduced in the brain. This is further underscored by 

fact that the few GFP positive cells that were present showed an astrocytic morphology. 

Neuronal UPS inhibition induced by UBB+1 would then not affect the turnover of astro-

cytic-expressed GFP reporter. 

We further analyzed the inhibitory properties of UBB+1 in vivo by crossing the 3413 

transgenic line with GFP reporter line UbG76V-GFP/2 (Lindsten et al., 2003). However, 

GFP reporter accumulation could not be observed in the double transgenic mice up to 530 

days of age, even though UBB+1 was expressed at high levels (fig. 1). One possible expla-

nation could be that the reporter is not expressed in neuronal cells in this specific trans-

genic line (UbG76V-GFP/2), in spite of the CMV-β actin promoter, which should in princi-

ple ensure high levels of transgene expression in most cell types in the body, including 

neurons. In primary neurons of a comparable transgenic line (UbG76V-GFP/1), indeed GFP 

accumulation is present when proteasome activity is inhibited (Lindsten et al., 2003). In 

the line used for these experiments, a slight alteration in the transgene expression pattern, 

caused by differences in the transgenic integration site, could affect the neuronal expres-

sion levels of the reporter. Preliminary studies with primary cortical neuron cultures de-

rived from UbG76V-GFP/2 mice did not give conclusive evidence for expression of the 

GFP reporter in neuronal cells. Also in cortex slices of these mice, the morphology of 

GFP accumulating cells responsive to UPS inhibition showed an astrocytic morphology 

(shown in Chapter 2 and (F.M. de Vrij, unpublished results)). Alternatively, the GFP re-

porter might not be sensitive enough to detect a modest neuronal UPS inhibition in vivo. 
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This hypothesis is partly underscored by the observation that intracerebral inoculation of 

UbG76V-GFP transgenic mice with mouse scrapie, an inhibitor of UPS activity in vitro, 

does lead to accumulation of the UbG76V-GFP reporter in the brains of these mice, accom-

panied by intraneuronal ubiquitin deposits (Kristiansen et al., 2007). However, the cell 

type wherein accumulation of the UbG76V-GFP reporter is present is not further specified 

in this study. 

 

 

Figure 1     UPS inhibition is not detected in UbG76V-GFPxUBB+1 transgenic mice. Vibratome sections of 

a 529 day-old female UbG76V-GFPxUBB+1 line 3413 double transgenic mouse were immuno-histo-

chemically stained using polyclonal antibodies against UBB+1 (Ubi3, (Fischer et al., 2003); left column) 

or GFP (Chemicon; right column). UBB+1 is ubiquitously expressed in neurons in e.g. the cortex, striatum 

(A) and hippocampus (C, E). In the same animal, no GFP accumulation is present (B, D, F). Panels E and 

F are enlargements of panels C and D. These results indicate that a decrease in proteasome activity, as 

reflected by GFP accumulation, cannot be detected in the UbG76V-GFPxUBB+1 double transgenic mice. 
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Deubiquitination of UBB+1 

The UBB+1 protein is ubiquitinated at two internal lysine residues, at amino acid positions 

29 and 48. Ubiquitination at both these lysine residues is required to achieve maximal 

UBB+1 induced proteasome inhibition, as the UBB+1 double lysine mutant UBB+1K29,48R 

has completely lost its UPS inhibitory properties (Lindsten et al., 2002). Expression of the 

single lysine mutants UBB+1K29R or UBB+1K48R also results in decreased proteasomal deg-

radation of UFD substrates, although to a lesser extent than UBB+1. The capacity of the 

proteasome to degrade N-end rule substrates is not compromised following expression of 

UBB+1K29R or UBB+1K48R. Therefore, ubiquitination of UBB+1 at both lysines is a prerequi-

site for maximal UPS inhibition to take place (Lindsten et al., 2002). 

As the ubiquitination state of UBB+1 determines its UPS substrate as wells as its UPS 

inhibitory properties, it is of importance to study the mechanisms by which Ubx-UBB+1 

chains can be formed, e.g. by dissecting the nature of the ubiquitination enzymes involved 

in ubiquitinating UBB+1. One of the E2 enzymes capable of ubiquitinating UBB+1 is the 

ubiquitin-conjugating enzyme E2-25K/Hip-2. This E2 enzyme is capable of attaching 

preformed K48-linked ubiquitin chains to UBB+1 in vitro (Lam et al., 2000) and can ubiq-

uitinate UBB+1 in a rat neuroblastoma cell line (Song et al., 2003). Possible additional 

involvement of specific ubiquitin E3 ligating enzymes or of the ubiquitin chain elongation 

factor E4 in the ubiquitination of UBB+1 has so far not been studied. 

However, the ubiquitination state of a substrate protein is governed by a tight balance 

between ubiquitination and deubiquitination. Deubiquitination is exerted by DUBs, a class 

of enzymes capable of cleaving ubiquitin moieties from a range of targets, including from 

ubiquitin chains and substrate proteins (reviewed by (Nijman et al., 2005). Aside from 

deubiquitinating target substrates, DUBs can also be active at the proteasome., e.g. to edit 

the length of the ubiquitin chain of the proteasome bound substrate (Lam et al., 1997) or 

to delay substrate degradation (Hanna et al., 2006). Also several 19S subunits show 

deubiquitinating activity themselves, including the Rpn11 subunit mediating ubiquitin 

chain release from substrates (Verma et al., 2002; Yao and Cohen, 2002). 

To further study the mechanisms behind the ubiquitination of UBB+1, we aimed to 

identify the DUB involved in the deubiquitination of UBB+1. We hypothesized that this 

DUB (or class of DUBs) would be able to cleave ubiquitin moieties from the ubiquitin 

chains attached to lysines K29 and K48 of UBB+1, thereby decreasing the total amount of 

Ubx-UBB+1. Only when fully ubiquitinated, UBB+1 is directed to the 26S proteasome and 

will subsequently cause UPS inhibition. By reducing the levels of Ubx-UBB+1, one could 

potentially alleviate the UPS inhibiting properties of UBB+1 and possibly reverse the ad-

verse affects of UBB+1 expression. We anticipated to reveal the DUB(s) involved in this 

process using a DUB RNAi library screen (Brummelkamp et al., 2003). This library con-

tains a total of 200 vectors expressing short hairpin RNAs (shRNAs) targeting a total of 
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50 human DUBs, with per DUB four pooled shRNA vectors targeting individual se-

quences (Brummelkamp et al., 2003; Nijman et al., 2005). 

We used two complementary approaches to dissect the effect of knockdown of a DUB 

involved in deubiquitination of UBB+1. After co-transfection of UBB+1 and the knock-

down library in a HeLa cell line expressing the UbG76V-GFP reporter, we measured Ubx-

UBB+1 levels as well as UBB+1 induced UPS inhibition. In the first approach, we set out to 

analyze the levels of Ubx-UBB+1 by Western blot using an antibody directed against the 

+1 C-terminus of UBB+1. However, using this technique, only the levels of monomeric, 

free UBB+1 could be accurately determined. The ratio of Ubx-UBB+1 to monomeric 

UBB+1, potentially more informative of the level of UBB+1 deubiquitination, could not be 

determined due to non-specific staining by the antibody at higher molecular weights (fig. 

2A). Also, the expression levels of UBB+1 after transient transfection were quite low in 

the HeLa UbG76V-GFP reporter cell line (compared to expression levels in e.g. 293 cells) 

and therefore difficult to detect (fig. 2B). The levels of monomeric ubiquitin were ana-

lyzed for 14 DUB knockdown vector pools by densitometry. The integrated optical den-

sity (IODs) of experimental samples co-transduced with UBB+1 and a DUB knockdown 

pool were compared to those of controls, in which UBB+1 was co-transduced with empty 

knockdown vector, using independent sample t-testing (fig. 3). No significant changes 

 

Figure 2     UBB+1 protein expression after transient transfection in HeLa UbG76V-GFP cells. A: After 

transient transfection of HeLa UbG76V-GFP cells with UBB+1, Western blot analysis of cell lysates reveals 

a quantifiable band representing monomeric UBB+1 (*, right lane). All other staining appears to be non-

specific as it is also present in the cell transduced with empty vector (left lane). B: Western blot analysis 

of cell lysates of HeLa UbG76V-GFP reporter cells or 293 cells transiently transfected with UBB+1 shows 

lower levels of UBB+1 expression in HeLa cells than in 293 cells. Similar protein amounts are loaded for 

the 293 cells and HeLa cells, confirmed by Western blot for β-actin (not shown). UBB+1 is detected with 

anti-UBB+1 Ubi3 antibody. 
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were observed in any DUB knockdown pool. 

In addition to the previously described approach using Western blot, we also attempted 

to identify a UBB+1-associated DUB by measuring UBB+1 induced UPS inhibition in the 

HeLa UbG76V-GFP reporter cell line. Theoretically, knockdown of a DUB which deubiq-

uitinates UBB+1 gives rise to higher levels of Ubx-UBB+1, which subsequently lead to in-

creased UPS inhibition. This would be reflected in increased GFP accumulation in the 

UbG76V-GFP reporter cell line. We measured the percentage of GFP positive cells after co-

transfection of UBB+1 and the DUB knockdown vectors using flow cytometry. In this 

setup, we could not find a DUB which significantly increased the amount of GFP positive 

cells. Surprisingly, knockdown of 5 DUBs, encoding UCH-25, USP-9X, IsopeptidaseT-T, 

UCH-26 and USP-45, showed a significant decrease in the percentage of GFP fluorescent 

cells, indicating that knockdown of these specific DUBs decreased the UPS inhibitory 

capacity of UBB+1 (fig. 4). 

One of the underlying causes for this decrease in GFP fluorescence may be that that 

these DUBs are involved in the deubiquitination of the UbG76V-GFP reporter, as UbG76V-

GFP is ubiquitinated itself to be targeted to the proteasome (Dantuma et al., 2000). When 

expression of these specific DUBs is decreased, ubiquitinated UbG76V-GFP levels increase. 

The ubiquitinated UbG76V-GFP is subsequently transported to the proteasome and de-

graded. Consequently, the total levels of GFP reporter in the cell are decreased and UPS 

 

Figure 3     Effect of DUB knockdown on the levels of monomeric UBB+1. The effect of DUB knockdown 

on levels of monomeric UBB+1 was assessed by Western blot analysis. No significant effects of DUB 

knockdown on the levels of monomeric UBB+1 are present. Control levels of monomeric UBB+1 

(measured by co-transduction of UBB+1 with empty knockdown vector) are set at 100%. Experiment was 

performed in biological duplicate. 
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inhibition by UBB+1 expression will result in lower levels of GFP fluorescence. In addi-

tion, UbG76V-GFP as well as UBB+1 are UFD substrates for proteasomal degradation 

(Dantuma et al., 2000; Lindsten et al., 2002). Therefore, these two substrates might com-

pete for common DUBs, which makes it difficult to accurately determine a DUB specific 

for UBB+1. Another disadvantage of this setup, using UPS activity as a readout, is that a 

possible effect of DUB knockdown on the ubiquitination state of UBB+1 first has to be 

translated to altered GFP fluorescence to be detected. This extra detection step might ren-

der this setup not sensitive enough to detect a target DUB for UBB+1. 

RNAi-mediated knockdown of a UBB+1-associated DUB potentially enhances the tox-

icity of UBB+1 by increasing the levels of Ubx-UBB+1. By decreasing the expression of 

one of the proteasome associated DUBs, also the turnover rate of UBB+1 could be modi-

fied. Therefore, the ultimate effect of knockdown of a UBB+1-modifying DUB is difficult 

to predict. For example, knockdown of a DUB editing the ubiquitin chain at the protea-

some could increase degradation of UBB+1 by reducing substrate rescue. On the other 

 

Figure 4     Effect of DUB knockdown on UBB+1 induced proteasome inhibition. The effect of DUB 

knockdown on UBB+1 induced proteasome inhibition was measured by quantification of the percentage 

green fluorescent cells in a HeLa UbG76V-GFP reporter cell line after transient transfection of UBB+1. All 

DUBS are compared to the negative control (set at 100%). Knockdown of 5 DUBs results in significantly 

lower GFP fluorescence (*p<0.05). 26. UCH-25; 29. USP-9X; 31. IsopeptidaseT-T; 32. UCH-26; 40. USP

-45. Experiment was performed in triplicate. 
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hand, inhibiting release of the complete ubiquitin chain from UBB+1 could prevent degra-

dation of UBB+1 and exert a detrimental effect by increasing the amount of Ubx-UBB+1 

leading to proteasome inhibition and cellular toxicity. Further complicating the interpreta-

tion of the obtained results are the possible indirect effects of DUB knockdown on the 

levels of monomeric UBB+1 via Ubx-UBB+1 induced proteasome inhibition. The knock-

down of a DUB which deubiquitinates UBB+1 can lead to a decrease of monomeric UBB+1 

and an increase of Ubx-UBB+1. Subsequently, these high levels of Ubx-UBB+1 will in-

crease proteasome inhibition. UPS inhibition then in turn leads to an increase of mono-

meric UBB+1 via a yet unknown mechanism (Lindsten et al., 2002; Fischer et al., 2003). 

Therefore, the overall effect of DUB knockdown on monomeric UBB+1 levels is hard to 

dissect, as it depends on the function of the DUB within the UPS and on the relative con-

tribution of above described indirect effects. 

With both readouts of this focused RNAi screen, we could not identify a target DUB 

which is involved in deubiquitination of UBB+1. The aforementioned drawbacks in the 

experimental setup could contribute to this result. Therefore, we cannot rule out the possi-

bility that one these 50 DUBs does affect UBB+1 ubiquitination. Another possibility is that 

the DUB responsible for deubiquitination of UBB+1 is not expressed in this library of 50 

knockdown pools, as at the present moment approximately 100 human DUBs are known 

(Nijman et al., 2005). 

 

Proteasome inhibition and cognitive function 

Post-translational modification of substrate proteins by ubiquitination is essential for cell 

viability, and more specific, plays an important role in intact neuronal function. During 

neuronal development, ubiquitin-mediated proteolysis is involved in axonal growth and 

axon guidance, growth cone formation and regulation of synaptic number and size to en-

sure correct formation of CNS connectivity (Hegde and Upadhya, 2007). In the adult 

nervous system, neuronal homeostasis is sustained via ubiquitin-dependent turnover of a 

broad range of substrate proteins. In addition, the UPS plays an important role in mainte-

nance of established synaptic connections and development of new synapses. Regulation 

of synaptic plasticity relies in part on proteasome-mediated degradation of substrate pro-

teins in the pre-synapse as well as the post-synapse. Therefore, UPS activity directly influ-

ences synaptic strength and transmission, two processes underlying learning and memory 

formation (reviewed by (DiAntonio and Hicke, 2004; Yi and Ehlers, 2007)). It is thus 

believed that protein modification by the UPS is likely to be involved in cognitive func-

tion. 

Our results, as described in Chapter 3 and Chapter 5, indeed confirm that intact fore-

brain proteasome activity is required for optimal cognitive performance; in 3413 UBB+1 

transgenic mice, endogenous, life-long modest inhibition of the proteasome underlies a 
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decrease in cognitive ability. Notably, hippocampus-dependent spatial memory was af-

fected in the Morris watermaze and in context-dependent Pavlovian fear conditioning, 

whereas spatial learning was unaffected. Also procedural (motor-) learning, as assessed in 

a rotarod paradigm, was not decreased due to UBB+1 induced proteasome inhibition, indi-

cating that chronic low-level UPS inhibition in these mice only affects a specific subset of 

memory-related processes. In other mouse models, a variety of other UPS alterations also 

induce deficits in cognition, as reviewed in Chapter 1. The molecular mechanism by 

which proteasome dysfunction in the UBB+1 transgenic mice leads to spatial memory defi-

cits is not fully understood. Our results suggest that high levels of UBB+1 expression in 

the hippocampus are causative for the cognitive dysfunction in hippocampus-related 

memory tasks. In line with these observations, cognitive processes involving brain regions 

in which UBB+1 expression is absent or only present at low levels, appear to be intact. 

These include motor learning and motor coordination, which are mainly mediated by the 

cerebellum (Hikosaka et al., 2002; Goddyn et al., 2006), an area devoid of UBB+1 expres-

sion. Cued fear conditioning is also unaffected in the UBB+1 transgenic mice. The amyg-

dala, the brain region responsible for cued conditioning (Maren, 2001), indeed shows rela-

tively low levels of UBB+1 expression. 

A caveat when interpreting these behavioral data is the fact that proteasome inhibition 

as well as the concomitant accumulation of ubiquitinated proteins was measured in cortex 

homogenates. It is possible that this inhibition is absent in other brain regions in spite of 

high levels of UBB+1 expression, e.g. in the hippocampus. It is also conceivable that the 

extent of UPS inhibition is not directly correlated to the levels of UBB+1 protein expres-

sion and therefore varies between different regions in the brain. To directly correlate the 

UPS inhibition to cognitive function, it would be sensible to also determine UPS activity 

in the hippocampus. This could be performed by measuring the turnover of small fluoro-

genic proteasome substrates, in a similar fashion as the previous measurements on cortex 

samples, described in Chapter 3. These fluorogenic substrates have as disadvantage that 

they readily diffuse into the 20S proteasome core and therefore also do not require ubiq-

uitination to be targeted to the 26S proteasome. An alternative method to measure UPS 

activity would be monitoring the turnover of well-defined endogenous substrates of the 

UPS. In this case, the proteasome has to be fully assembled to degrade these substrates. 

One of these substrates is Ub5DHFR, which can be ubiquitinated in vitro with a defined 

K48-linked ubiquitin chain (Lam et al., 2005). Preliminary experiments measuring prote-

olytic activity in partially purified proteasomes of 3413 transgenic mice using Ub5DHFR 

however gave inconclusive results. Proteasome activity can also be measured using activ-

ity-based small molecule proteasome-probes which directly reflect the activity of all indi-

vidual proteolytic subunits of the proteasome (Berkers et al., 2005) or by measuring the 

end-product of a dysfunctional UPS, i.e. the accumulation of K48-linked polyubiquitin 

chains (Bennett et al., 2007). The latter can be performed using a mass-spectrometry 
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based assay which renders it possible to define the amount of polyubiquitin in mouse 

brain samples, as shown in a HD transgenic mouse model (Bennett et al., 2007). As an 

alternative approach to correlate UPS inhibition to cognitive deficits in the 3413 trans-

genic mice, cortex-dependent memory could be examined by performing cortex-

dependent behavioral tasks, e.g. examining fear extinction which depends on basal lateral 

amygdala function and medial pre-frontal cortex, although also hippocampal function 

might play a role in this process (reviewed by (Myers and Davis, 2007)). 

One of the molecular mechanisms behind the UBB+1 induced memory deficit could be 

a decrease in synaptic plasticity. One of the best studied cellular mechanisms that may 

underlie learning and memory is long-term potentiation (LTP). LTP reflects activity-

dependent strengthening of neuronal synaptic connections (synaptic plasticity) and can be 

evoked by high frequency stimulation of afferent fibres. Indeed, recent evidence strongly 

suggests that LTP may underlie hippocampal-dependent learning and memory processes 

(Martin and Morris, 2002; Pastalkova et al., 2006; Whitlock et al., 2006). We therefore 

investigated synaptic plasticity in male 3413 UBB+1 transgenic mice and wild-type litter-

mates at the ages of 3, 6 and 9 months. The hippocampus is one of the main brain regions 

involved in memory formation (Martin and Morris, 2002) and hippocampus-dependent 

spatial memory is affected in UBB+1 transgenic mice. Therefore, we chose to specifically 

examine hippocampus-dependent LTP. Hippocampal slices were stimulated using elec-

trodes placed in the Schaffer collaterals to induce LTP and extracellular field excitatory 

post-synaptic potentials (fEPSPs) were recorded at synapses in the CA1 region (fig. 5A). 

In this region, UBB+1 protein is highly expressed in the 3413 transgenic mice (fig. 5B). 

 

Figure 5     Schematic overview of electrophysiological measurements in UBB+1 transgenic mice. A: 

Schematic overview of the fEPSP recording-setup in the mouse hippocampus. The stimulation electrode is 

placed in the Schaffer collaterals to stimulate action potentials. The recording electrode is positioned in 

the CA1 region of the hippocampus to record extracellular field potentials. B: Expression pattern of 

UBB+1 protein in the hippocampus of a ~300 day old male 3413 UBB+1 transgenic mouse visualized with 

anti-UBB+1 antibody (Ubi3) immunostaining on a 50µm coronal vibratome section. 
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First, baseline synaptic properties were examined by determining the maximal slope 

and amplitude of the fEPSPs (fig. 6A), S value of the input-output graphs (fig. 6B) and the 

stimulation intensity needed to reach half maximal values for the slope as well as the am-

plitude (fig. 6C). Results show that the maximal slope and amplitude did not differ be-

tween wild-type and UBB+1 transgenic mice at any age. The S value of the input-output 

curve was significantly altered for the slope in the 3 months old mice (p=0.046), this ef-

 

Figure 6     Altered electrophysiological baseline properties in UBB+1 transgenic mice. Baseline electro-

physiological properties in slices from the CA1 hippocampal area of 3413 UBB+1 transgenic mice were 

examined at 3, 6 and 9 months of age. Input-output characteristics were examined by recording hippocam-

pal field potentials (fEPSPs) A: Maximal output (slope and amplitude) after stimulation are plotted. No 

significant differences are observed. B: S-value of the input-output curve is determined. At 3 months of 

age, the S-value in the UBB+1 transgenic mice is significantly decreased compared to wild-type mice C: 

half maximal stimulation input in UBB+1 transgenic mice and wild-type littermates. At 6 months of age, 

UBB+1 transgenic mice show a significant increase in half maximal stimulation intensity. This effect is not 

sustained at 9 months of age, *p<0.05. 
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fect was not present at 6 and 9 months of age. 

The half maximum stimulation intensities were comparable between wild-type and 

transgenic mice at the ages of 3 and 9 months. However, at 6 months of age, the stimula-

 

Figure 7     Hippocampal LTP is unaffected in UBB+1 transgenic mice. LTP (measured by fEPSP re-

cordings in the hippocampus) was measured following a single 100 Hz stimulation at time point 0 and 

expressed as percentage of pre-stimulation baseline values. Induction of LTP as well as average LTP 

levels at the end of the recording after 60 minutes are not significantly different in UBB+1 3413 transgenic 

mice (open circles) compared to wild-type mice (closed triangles) at 3, 6 and 9 months of age. 
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tion intensities needed to reach the half maximal values of the the slope and amplitude 

were significantly higher in the UBB+1 transgenic mice than in the wild-type mice 

(p=0.020 and p=0.006 respectively). In these mice, a higher stimulation intensity is 

needed in the transgenic mice to evoke a similar response as in the wild-type mice, indi-

cating that the basal network connectivity is affected. However, this effect is not present at 

9 months of age, therefore we cannot correlate this defect with the observed behavioral 

changes in the 3413 transgenic mice. Possible explanations for the changes in the basal 

synaptic responses observed at 6 months of age could include pre-synaptic deficits in neu-

rotransmitter release, post-synaptic neurotransmitter uptake problems or other more basal 

structural changes in the neuronal network. However, additional studies on baseline syn-

aptic transmission (mEPSCs, evoked AMPA receptor mediated synaptic responses) are 

required to fully investigate whether the mutation affects baseline synaptic transmission. 

Then, baseline synaptic responses were recorded for 20 minutes to confirm stability of 

the recorded field potential. Next, high frequent stimulation (100 pulses @ 100 Hz) was 

delivered to induce LTP. When induction of hippocampal LTP was measured, results 

showed that LTP was not affected in the transgenic mice at the ages of 3, 6 and 9 months 

(fig. 7). Also the levels of LTP at 60 minutes after initial stimulation were comparable 

between transgenic and wild-type mice (fig. 7). Therefore, the spatial memory deficits in 

the 3413 transgenic mice at 9 months of age cannot be directly correlated to a decrease in 

LTP in the CA1 region of the hippocampus. 

It could be that more subtle changes in synaptic plasticity underlie the observed mem-

ory deficits. In order to examine this, multiple stimulation paradigms should be applied to 

 

Figure 8     Hippocampal PPF is unaffected in UBB+1 transgenic mice. Comparison of the PPF ratio (ratio 

of the second to the first fEPSP) at the Shaffer-CA1 pyramidal cell synapses between wild-type mice and 

UBB+1 transgenic mice is not significantly different between the wild-type mice and UBB+1 transgenic 

mice. 
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examine whether the synaptic response function (threshold to evoke LTP or long-term 

depression (LTD)) is altered as a consequence of UBB+1 expression (Mayford et al., 

1995). It is also possible that alterations in synaptic plasticity in other regions of the brain, 

for example the hippocampal dentate gyrus or the cortex, underlie the observed memory 

deficits. Preliminary results indeed show decreased LTP in the dentate gyrus of 3413 

transgenic mice (van Leeuwen, Dennissen et al., unpublished observations). An alterna-

tive approach would be to asses pre-synaptic function. Paired pulse facilitation (PPF) is a 

transient form of short term plasticity in which the evoked post-synaptic response to a 

second stimulation pulse is larger than the response to the shortly preceding pulse. PPF 

originates at the pre-synaptic side of the synaptic cleft (Zucker and Regehr, 2002). To 

examine pre-synaptic function in UBB+1 transgenic mice, we performed PPF in the hippo-

campus of wild-type and transgenic mice. Preliminary results on 9-months-old mice show 

that PPF, expressed by the PPF ratio, is enhanced in the UBB+1 transgenic mice (fig. 8). 

This effect is however not significant, which could in part be attributed to the low number 

of mice tested per genotype (n=3). Further experiments should be performed using a lar-

ger number of mice, to examine if these results are persistent. If so, the abnormal 

(enhanced) PPF ratio is indicative of defects in short-term synaptic plasticity in the UBB+1 

transgenic mice. Increases in PPF point to an increased neurotransmitter release in re-

sponse to the second stimulus, caused by abnormal pre-synaptic accumulation of intracel-

lular Ca2+ (Zucker and Regehr, 2002). 

Although no direct effect of UBB+1 induced UPS inhibition was detected on LTP in 

the CA1 region by means of electrophysiological measurements, UPS inhibition could 

still affect levels of substrate proteins at the synapse normally degraded by the protea-

some. It has been shown that regulation of many synaptic proteins is dependent on protea-

some activity levels in the post-synaptic density (e.g. (Ehlers, 2003; Yi and Ehlers, 2005)). 

No alterations were observed in levels of (ubiquitinated) synaptic proteins in cortex ho-

mogenates of UBB+1 transgenic mice using proteomic analysis in previous experiments, 

as shown in Chapter 3. However, it is conceivable that subtle changes in the levels of 

these relatively low-abundance proteins were not detected using this proteomics approach. 

Additional studies on the protein expression levels of these substrates in brain sections of 

3413 transgenic mice could give further clues to the mechanism behind the memory defi-

cits. 

In several other mouse models with genetic manipulation of the UPS, cognitive defi-

cits are found, as summarized in Chapter 1. These deficits are not always accompanied by 

LTP deficits, similar to the 3413 transgenic mice. Mice deficient for the DUB Uchl3, ex-

hibit decreased hippocampus dependent memory without decreases in LTP or PPF (Wood 

et al., 2005). In mice lacking the DUB Usp14, differences in short-term synaptic plasticity 

point to disturbed pre-synaptic function. These mice did not show differences in LTP 

compared to wild-type littermates, comparable to the 3413 transgenic mice (Wilson et al., 
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2002). Also other groups have shown that lower short-term synaptic plasticity can lead to 

context-dependent memory defects, without the need for LTP deficits (e.g. (Silva et al., 

1996)). The modest spatial memory deficits in the 3413 UBB+1 transgenic mice, induced 

by inhibition of the UPS, could therefore have several underlying causes. With our current 

knowledge on the hippocampal electrophysiological properties of 3413 transgenic mice, 

deficiencies in basal synaptic transmission in combination with altered pre-synaptic func-

tion is one of the most promising candidates. 

Cognitive decline is one of the most prominent and earliest clinical features of AD 

(Walsh and Selkoe, 2004). If UBB+1 accumulation observed in the neuropathological hall-

marks of AD patients can also directly affect cognitive function in human, analogous to 

the results we obtained in the UBB+1 mouse model, is not known. However, inhibition of 

the UPS in general could be an underlying mechanism in AD contributing to the decline 

of cognitive functions. Indeed, changes in components of the UPS machinery are found in 

AD brain (Keller et al., 2000; Lopez Salon et al., 2000) and several AD-related proteins, 

including amyloid-β and tau, can diminish proteasomal activity (Gregori et al., 1995; 

Keck et al., 2003; Lopez Salon et al., 2003). 

 

Role of UBB+1 in human pathology 

Accumulation of the UBB+1 protein was first discovered to occur in the neuropathological 

hallmarks of AD and DS (van Leeuwen et al., 1998). Subsequently, UBB+1 was found to 

be present in a broad selection of tauopathies, also including Pick disease (PiD) and fronto

-temporal dementia (FTD) (Fischer et al., 2003). UBB+1 also is present in the ubiquitin-

positive neuronal intranuclear inclusions in polyglutamine disease, including Huntington‟s 

Disease (HD) and spinocerebellar ataxia type-3 (SCA-3) (De Pril et al., 2004). As the 

UPS is compromised in many of these neurodegenerative disorders, as reviewed in Chap-

ter 1 of this thesis, the co-localization of UBB+1 with ubiquitin positive pathology in these 

tauopathies led to the hypothesis that UBB+1 accumulation serves as an endogenous 

marker for a decreased UPS function (Fischer et al., 2003). 

However, not all neurodegenerative diseases characterized by intracellular ubiquitin 

aggregates also show UBB+1 accumulation. One of the most prominent examples hereof is 

Parkinson‟s Disease (PD), a movement disorder neuropathologically characterized by α-

synuclein containing Lewy bodies. In PD, as well as in other synucleinopathies, UBB+1 

accumulation is absent (van Leeuwen et al., 1998; Fischer et al., 2003; Zouambia et al., 

2008). The differential presence of UBB+1 in tauopathies and synucleinopathies might be 

attributed to the different roles the UPS plays in the aetiology of these diseases. First of 

all, ubiquitin-positive pathology in the intraneuronal tangles can be found in all cases of 

AD (Selkoe, 2001), in contrast to PD, where the ubiquitin containing Lewy bodies and 

Lewy neurites are present in the majority of cases, but are only sporadically found in cases 
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Figure 9     APP+1 and UBB+1 protein expression in various forms of AD. Expression of APP+1 (left row, 

A-K) and UBB+1 (right row, B-M) in 50 µm thick vibratome and 6 µm thick paraffin (E-G) sections of the 

hippocampus in various forms of AD. A, B: Sporadic form of AD. Insert in (A) shows an APP+1 positive 

neuron with beaded neurites in a young DS patient. These neurites are also present in the absence of any 

form of AD type of neuropathology and are also present in autosomal dominant cases of AD. C, D: Flem-

ish type FAD (APP A692G). Note the beaded neurite. E to G: HCHWA-D type FAD (APP E693Q). Insert 

shows APP+1 positive dystrophic neurites. H to M: PSEN1 forms of FAD (PSEN1 I143T in H, I, K, L and 

PSEN1 Y115C in J, M). L and M are enlargements of I and J respectively. K: APP+1 is present in dys-

trophic neurites forming a neuritic plaque. N, O: Beaded neurites in autosomal dominant cases of AD, 

composed of a stack of five images. N is an Enlargement of C, O is an enlargement of H. Bar = 50 µm 

(except in I, J, N, and O, bar = 25 µm). Figure adapted from (van Leeuwen et al., 2006). 
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of early-onset autosomal-recessive PD caused by a genetic mutation in the parkin gene 

(Savitt et al., 2006). This points to a general role for the UPS in the pathogenesis of AD, 

whereas PD can also develop without the UPS being compromised. As UBB+1 accumula-

tion is an endogenous marker for decreased activity of the UPS, in AD it is conceivable 

that the general activity of the UPS is decreased and thus leads to UBB+1 accumulation 

(Fischer et al., 2003; Hol et al., 2005). In PD, a partial, transient decrease in UPS activity 

might underlie the disease phenotype (Fornai et al., 2005), although a general decrease in 

proteasome composition and activity has been shown in several studies using human PD 

patient material (McNaught et al., 2006). This transient decrease of UPS function might 

initiate the accumulation of several proteins, including α-synuclein, however might not be 

sufficient to cause UBB+1 to accumulate (Hol et al., 2005). Another possibility is that in 

PD, a specific subset of proteins is not targeted to the UPS correctly and thus accumulate 

in the ubiquitin-positive aggregates. In support of this hypothesis, two genes causative of 

familial PD encode enzymes involved in ubiquitination (parkin) (Kitada et al., 1998) and 

deubiquitination (UCHL1) (Leroy et al., 1998) of substrate proteins. These affected com-

ponents of the ubiquitin-proteasome machinery may thus induce accumulation of specific 

-ubiquitinated- substrate proteins, but not affect the turnover of UBB+1 to such extent that 

UBB+1 will accumulate (Hol et al., 2005). 

To find further evidence for a specific role of UBB+1 in tauopathies, we next investi-

gated if +1 proteins were also present in the ubiquitin-positive neuropathological hall-

marks in early onset familial Alzheimer‟s disease (FAD) (van Leeuwen et al., 2006). Al-

though the majority of the AD cases are sporadic, at least three genes are recognized in 

which inherited autosomal mutations are causative for FAD. These genes include the APP 

and presenilin 1 and 2 (PSEN1 and PSEN2) genes (Van Broeckhoven, 1998). FAD is neu-

ropathologically indistinguishable from sporadic AD, both characterized by extracellular 

amyloid-β (Aβ) plaques and intraneuronal tangles. To identify +1 protein accumulation in 

FAD, we performed an immuno-histochemical study on 50 µm vibratome and 6 µm paraf-

fin sections of human brain material collected from FAD patients with a wide variety of 

APP and PS1 FAD mutations. APP+1 as well as UBB+1 could be clearly detected in a spo-

radic case of AD (fig. 9A-B), as reported previously (van Leeuwen et al., 1998). In FAD, 

APP+1 and UBB+1 proteins were detected in the neuropathological hallmarks (neuro-

fibrillary tangles and neuritic plaques) of patients carrying Flemish (fig. 9C-D) and Dutch 

type APP mutations (fig. 9E-G) and in various PSEN1 mutations (fig. 9H-M). In addition 

to the presence of the +1 frameshift proteins in FAD, we also found UBB+1 and APP+1 in 

other tauopathies, such as Pick Disease (PiD) and progressive supranuclear palsy (PSP) 

(fig. 10). We hypothesized that, as the presence of +1 proteins coincides with neuritic pa-

thology in FAD individuals and other tauopathies (e.g. PiD and PSP), +1 proteins might 

contribute to the pathogenesis of FAD in concert with other mechanisms of neurodegen-

eration (van Leeuwen et al., 2006). 
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Figure 10     APP+1 and UBB+1 protein expression in tauopathies. Immunocytochemical localization of 

APP+1 (left row) and UBB+1 (right row) in various tauopathies. A, B: FTD cases. C, D: PiD, pyramidal 

cells of the CA1 region; note discrete localization outside nucleus. E-I: PSP, note reaction in globose 

tangles (▲) and in tufted astrocytes (in G, at bottom, and I). J, K: Argyrophilic grain disease. Bar = 50 µm 

(A and B), 25 µm (C–I), and 60 µm (J and K). Figure adapted from (van Leeuwen et al., 2006). 
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We further studied the relation between FAD and UBB+1 using a mouse model for 

AD, described in Chapter 6 of this thesis. We double crossed the 3413 UBB+1 transgenic 

mouse line with an FAD mouse model expressing mutant APP (APPSwe) and mutant PS1 

(PS1dE9) (Jankowsky et al., 2004) and analyzed the effect of UBB+1 on amyloid deposi-

tion as well as the effect of APPSwe and PS1dE9 expression on the levels of UBB+1 accu-

mulation. We demonstrated that amyloid-β deposition was significantly decreased 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. Similar 

results were observed in mice aged 9 months, however, results did not reach significance 

at this age, possibly due to the low number of mice that were available for analysis per 

genotype. 

The results obtained in this study using triple transgenic mice imply that neuronal 

UBB+1 expression and the consequent modest proteasome inhibition have a protective 

effect on the neuropathogenesis of AD. In this model, UBB+1 expression does not contrib-

ute to AD disease pathogenesis as was suggested for human FAD patients (van Leeuwen 

et al., 2006). Various different causes could underlie these seemingly opposing results. In 

the 3413 transgenic line, the level of UBB+1 mRNA and protein expression increases up to 

postnatal day 22 and is expressed at high levels onwards, as shown in Chapter 3. This in 

contrast to human, where UBB+1 mRNA is expressed at low levels during life and accu-

mulation of the protein is only observed in aged or diseased subjects. In the 3413 trans-

genic mouse line, the highly expressed UBB+1 protein acts actively as an inhibitor of pro-

teasome activity instead of being foremost a marker for UPS inhibition as observed in 

human (Fischer et al., 2003). The life-long modest inhibition of the UPS in the 3413 trans-

genic line could very well modify the effect of UBB+1 on plaque deposition as UPS inhibi-

tion is known to affect several steps of Aβ processing, as described in Chapter 6. In addi-

tion, the time course of AD neuropathogenesis differs between the APPPS1 mouse model 

and human FAD. In APPPS1 mice, the first neuropathology can already be detected by 3 

months of age, increasing up to 12 months of age. Recently, it was reported that in this 

mouse model of AD, the formation of new plaques is a very rapid process, with amyloid 

plaque formation occurring within 24 hours (Meyer-Luehmann et al., 2008), whereas in 

human, the buildup of neuropathology is believed to be a gradual process taking several 

years. In human FAD patients, the neuropathology is indistinguishable from sporadic AD 

pathology, including the presence of amyloid pathology and neurofibrillary tangles, con-

sisting of intraneuronal paired helical filaments (PHF) composed of hyperphosphorylated 

tau. However, tau pathology is absent in the APPPS1 mouse model (Jankowsky et al., 

2004), similar to other transgenic mouse models harboring FAD mutations in APP or APP 

and PS1 (McGowan et al., 2006; Eriksen and Janus, 2007). It could be conceivable that 

the lack of intraneuronal tau influences the effect of UBB+1 on amyloid deposition in the 

APPPS1 transgenic line. Further questions on the mechanism by which UBB+1 could alle-
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viate amyloid pathology arise when the localization of the involved proteins is taken into 

account; UBB+1 and tau are intercellular proteins, whereas amyloid deposition in senile 

plaques is extracellular. In the UBB+1xAPPPS1 triple transgenic mice (see Chapter 6), 

further studies on the precise localization of these proteins might further elucidate the 

mechanism by which UBB+1 can decrease plaque load. It could be possible that UPS inhi-

bition by UBB+1 influences the levels of intracellular Aβ, which is believed to be an im-

portant mediator of AD pathogenesis (LaFerla et al., 2007). Furthermore, it has been re-

ported that over-expression of DUBs (USP2 and USP21) results in increased amyloid beta 

secretion (patent application US26281699A1). 

All the circumstances stated above could by themselves or combined underlie the dif-

ferential effects of UBB+1 protein accumulation on Aβ deposition in human FAD and a 

murine FAD model. However, it is also very well possible that the presence of UBB+1 in 

human FAD patients is purely an effect of the disruption of intracellular homeostasis 

without directly contributing to disease pathogenesis. It could be that, once accumulated, 

UBB+1 does have an additive effect on already present UPS dysfunction in FAD as well as 

other neurodegenerative diseases. 

 

Concluding remarks 

The etiology of many neurodegenerative diseases is multifactorial and the (relative) con-

tribution of the genetic, cellular and environmental factors influencing disease progression 

is still unclear. Over the last two decades, increasing empirical evidence has established a 

central role for the UPS in the maintenance of intracellular homeostasis (Goldberg, 2005). 

In parallel, a decline in UPS activity has been recognized as a pivotal factor involved in 

the pathogenesis of many neurodegenerative disorders, including AD and HD (Ciechano-

ver and Brundin, 2003). The results as reported in this thesis support the observation that 

intracellular protein degradation, mediated by the UPS, is essential for intact cellular func-

tion. Impairment of this system can directly lead to accumulation of ubiquitinated sub-

strate proteins and eventually cause a decline in cognitive function, thereby contributing 

to disease progression. 

The intrinsic properties of the mutant ubiquitin UBB+1, accumulating in the ubiquitin-

positive pathological hallmarks of a specific subset of neurodegenerative disorders, can 

provide us further insight in the role of UPS dysfunction in these diseases. As the UPS 

substrate UBB+1 accumulates only when proteasomal activity is compromised, its pres-

ence in the neuropathological hallmarks of e.g. AD presents additional evidence that de-

creased UPS function can be one of the underlying factors contributing to disease progres-

sion. In this respect, the newly developed transgenic mouse lines expressing high levels of 

UBB+1 provide us with useful models to study the effects of chronic low-level endogenous 

proteasome inhibition in vivo. By employing these transgenic lines in future experiments, 
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we can obtain more understanding of the role of UPS function in a multitude of physio-

logical parameters in health and disease. 
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Figure 1     Ubiquitination cascade and proteasomal degradation. Ubiquitin (purple sphere) is activated 

by the E1 ubiquitin activating enzyme and transferred to a ubiquitin carrier, the E2 ubiquitin conjugating 

enzyme. Protein substrates to be targeted for degradation by the proteasome are recognized by one of the 

E3 ubiquitin ligase enzymes. In the case of RING-E3 ligases, the ubiquitin is directly transferred from the 

E3-bound E2 enzyme to a lysine residue in the substrate. For HECT-E3 enzymes, the ubiquitin is first 

transferred from the E2 to the E3 ligase and is subsequently attached to the substrate. Successive ubiquitin 

moieties are attached to the substrate-bound ubiquitin, forming a ubiquitin chain. With a K48-linked 

polyubiquitin chain of four or more ubiquitins the substrate is targeted to the 26S proteasome. Here, the 

ubiquitin chain is released and the substrate is degraded into small peptides by the 26S proteasome. Fi-

nally, the ubiquitin is recycled by release of free monomeric ubiquitin from the ubiquitin chain, an activity 

mediated by DUBs (Chapter 1). 
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Figure 4     Lentiviral transduction targets a heterogeneous cell population in cortex slice cultures. GFAP 

(red) and NeuN (blue) double staining on LV-Ub-M-GFP transduced organotypic cortex slice cultures of 

C57Bl/6 mice revealed mostly GFAP labelled GFP positive glia, but also GFP positive neurons. Arrows 

indicate transduced neurons, positive for both GFP and NeuN. Bar, 50 µm (Chapter 2). 
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Figure 5     UBB+1 is degraded by the proteasome in cortex slice cultures. Organotypic cortex slices of 

C57Bl/6 mice were transduced with LV-UbG76V-GFP, LV-UBB+1 or LV-UBB+1K29,48R. Both the UPS re-

porter protein UbG76V-GFP (green) and UBB+1 (red) are efficiently degraded by the 26S proteasome and 

only accumulate after treatment with proteasome inhibitor. The lysine mutant of UBB+1, UBB+1K29,48R, is 

not degraded by the proteasome an accumulates already without inhibitor treatment; - epox: not treated 

with epoxomicin, + epox: treated overnight with 1 µM epoxomicin. Bar, 100 µm (Chapter 2). 
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Figure 6     UBB+1 remains present after washout of inhibitor in cortex slice cultures. Overnight incuba-

tion of cortex cultures transduced with LV-UbG76V-GFP or LV-UBB+1 with the reversible proteasome 

inhibitor MG132 (10 µM) resulted in accumulation of both proteins. Washing out the reversible inhibitor 

reactivated the proteasome, as shown by the degradation of the proteasome reporter substrate UbG76V-

GFP. However, UBB+1 remained accumulated in a considerable amount of cells after reactivation of the 

proteasome. Transduction with the LV- UBB+1K29,48R control construct gave rise to accumulation of the 

UBB+1 protein regardless of proteasome inhibitor treatment. UbG76V-GFP is depicted in green, UBB+1 in 

red and the nuclear staining (TO-PRO) in blue. Bar, 500 µm (Chapter 2). 
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Figure 7     The UPS reporter system in cortex cultures of UbG76V-GFP transgenic mice. A: UbG76V-GFP 

tg organotypic cortex cultures without treatment with proteasome inhibitors. B: UbG76V-GFP tg cortex 

cultures treated with 1 µM epoxomicin. The GFP-reporter substrate only accumulated after proteasome 

inhibition. Bars, 50 µm (Chapter 2). 

 

 

Figure 8     High Ad-UBB+1 expression causes proteasome inhibition in cortex cultures. High levels of 

UBB+1 expression with Ad-UBB+1 lead to accumulation of UBB+1 without inhibitor treatment. A: Repre-

sentative Westernblot of HEK293 cell lysates transduced with equal MOI of LV-UBB+1 (left lane) or Ad-

UBB+1 (right lane). Equal amounts of protein were loaded per lane, as confirmed by Coomassie staining 

of total protein load of the same lanes shown on the right. The blot was stained with anti-UBB+1 antibody 

Ub3 and quantified with Imagepro software (quantification not shown). B, C: Organotypic cortex slice 

cultures of UbG76V-GFP tg mice were transduced with LV-UBB+1, which did not induce UBB+1 accumula-

tion (B) or Ad-UBB+1, which did result in many UBB+1 immuno-positive cells (C). D: UBB+1 accumula-

tion after adenoviral transduction lead to accumulation of UbG76V-GFP (arrows). Bars, 250 µm (B), 500 

µm (C), 50 µm (D) (Chapter 2). 
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Figure 9     UBB+1 properties shift from UPS substrate to inhibitor. (1) UBB+1 mRNA and translation 

levels are constant throughout life (Fischer et al., 2003; Gerez et al., 2005). In non-diseased tissue, the 26S 

proteasome is capable of degrading all the translated UBB+1 and accumulation of UBB+1 is not present. 

(2) Due to various causes such as disease or aging the efficiency of proteasomal degradation can decrease, 

leading to a diminished degradation of UBB+1. (3) The levels of translated UBB+1 exceed the degradation 

capacity of the proteasome and surpasses the accumulation threshold. Accumulated UBB+1 now holds 

UPS inhibitory properties itself, which can aggravate the initial decrease in UPS activity (Chapter 2).  
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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 (Chapter 6). 
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Summary 

The ubiquitin-proteasome system (UPS) is the main intracellular regulated pathway for 

degradation of substrate proteins and, being one of the main cellular protein quality con-

trol systems, is essential for cell viability and maintaining proteostasis. Malfunction of this 

system is implicated to play a role in a broad array of diseases pathologically character-

ized by ubiquitin-positive deposits. The aberrant ubiquitin UBB+1 is present in the neuro-

pathological hallmarks of a subset of these diseases, including Alzheimer‟s disease and 

Huntington‟s disease, providing compelling evidence that UPS malfunction can contribute 

to the pathological cascade leading to (neuro-) pathology. In vitro, UBB+1 acts as a potent 

inhibitor of the UPS when expressed at high levels. In this thesis, we aimed to further dis-

sect the UPS-related properties of UBB+1. Furthermore, we studied the effects of varying 

levels of UBB+1 expression, and the concomitant proteasome inhibition in vivo, employing 

novel UBB+1 transgenic mouse models. Chapter 1 gives a comprehensive overview of the 

UPS and its role in neurodegenerative disease. In addition, the currently available murine 

models with altered components of the UPS leading to neurological deficits are reviewed. 

The aim of the research described in Chapter 2 was to further characterize the UPS-

related properties of UBB+1. UBB+1 has seemingly opposing properties in vitro; UBB+1 is 

a substrate for proteasomal degradation as well as an inhibitor of the UPS. In this study, 

we showed that UBB+1 properties shift from proteasome substrate to inhibitor in a dose-

dependent manner in cell culture using an inducible UBB+1 expression system. This find-

ing was confirmed in mouse organotypic cortex slice cultures. Based on this study com-

bined with previous findings, we hypothesize that in the human brain, once the level of 

UBB+1 protein has surpassed a threshold level of expression, UBB+1 induced UPS inhibi-

tion can contribute to disease progression. Using the dual UPS proteasome substrate/

inhibitory properties, UBB+1 can serve as research tool to study the ubiquitin-proteasome 

system and to further elucidate the role of aberrations of this pathway in disease. 

In Chapter 3, the effects of high levels of UBB+1 expression are studied in vivo. To 

this end, two transgenic mouse lines were generated, which postnatally express high levels 

of UBB+1 under the neuronal CaMKinaseIIα (line 3413) or the Thy1.2 (line 8630) pro-

moter. In both lines, UBB+1 protein expression was present mainly in the cortex and hip-

pocampus. Increased levels of ubiquitinated proteins were detected in the cortex, suggest-

ing inhibition of the UPS. Indeed, chymotryptic proteasome activity was decreased in the 

cortex of line 3413 mice. Despite this low-level chronic UPS inhibition, these mice did 

not show an overt neurological phenotype. However, deficits in contextual memory in 

both Morris watermaze and fear conditioning paradigms were present at the age of 9 

months. Furthermore, proteomic analysis of these mice showed a remarkable overlap with 

changes in the brain proteome reported in Alzheimer‟s patients and in Alzheimer mouse 

models. These UBB+1 transgenic mouse models provide new tools to understand how the 
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UPS is involved in neurodegenerative pathology and memory formation. In addition, 

these UBB+1 transgenic lines serve as model for life-long neuronal modest UPS inhibition. 

Chapter 4 describes the generation and characterization of a transgenic mouse model 

(line 6663) neuronally expressing low levels of UBB+1. In this mouse line, UBB+1 protein 

was detected at very low levels. Via intracranial infusion of different classes of protea-

some inhibitors into the hippocampus, we showed that UBB+1 protein accumulated only 

when proteasome inhibitor was administrated. These in vivo results confirm our previous 

in vitro data, as presented in Chapter 2, showing that UBB+1 is a substrate for proteasomal 

degradation at low expression levels and only accumulates after inhibition of the UPS. 

This transgenic mouse model can serve as a model system to further elucidate the proper-

ties of UBB+1 and to study its role in neurodegenerative disease. Furthermore, this mouse 

model can serve as a reporter line for UPS inhibition associated with disease, employing a 

natural substrate rather than the widely used artificial fluorescent reporters currently used 

by the research community. 

Chapter 5 describes the effect of low-level UPS inhibition of cognitive function. The 

UPS plays an important role in synaptic plasticity and learning and memory formation in 

the adult nervous system. We hypothesized that proteasome inhibition induced by UBB+1 

expression would thus lead to a decreased cognitive function. Indeed, we showed that 

UBB+1 transgenic mice showed a defect in spatial reference memory in the Morris water-

maze at 15 months of age. The UBB+1 transgenic mice did not display further gross neuro-

logical abnormalities or alterations in procedural (motor-) learning and motor coordination 

up to 24 months of age. From these results, we conclude that the spatial reference memory 

deficits detected in UBB+1 transgenic mice at 9 months, as described in Chapter 3, persist, 

but are not aggravated during aging. In addition, these results demonstrate that intact fore-

brain proteasome function is essential for maintenance of spatial reference memory for-

mation.  

Chapter 6 reports on the effects of UBB+1 induced proteasome inhibition on Alz-

heimer related neuropathology, i.e. Aβ deposition, as well as the effects of Aβ deposition 

on UBB+1 accumulation in vivo. In a novel triple transgenic mouse model, expressing 

UBB+1 and familial Alzheimer‟s disease related mutant APP and PS1, we show that mod-

est neuronal UPS inhibition induced by UBB+1 expression reduced the amyloid plaque 

burden at the age of 6 months, without alterations in UBB+1 protein levels or in the age of 

onset of pathology. It is conceivable that APP processing, leading to Aβ formation, is af-

fected by proteasome inhibition, resulting in a decreased plaque burden. 

Finally, in Chapter 7, the results obtained in the studies described in this thesis are 

critically discussed and suggestions for future research are provided. Additional prelimi-

nary results further elucidate the role of mutant ubiquitin and concomitant proteasome 

dysfunction in neurodegenerative disease. 
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Based on the findings as presented in this thesis, we conclude that accumulation of 

aberrant ubiquitin and subsequent malfunction of the UPS affects protein degradation in 

vitro and in vivo, can lead to spatial memory deficits and interferes with Alzheimer‟s dis-

ease-associated amyloid pathology. The novel transgenic mouse models expressing mu-

tant ubiquitin, as presented in Chapter 3 and Chapter 4, can contribute to dissecting the 

role of the UPS in a broad range of neurological diseases in future studies. 
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Samenvatting 

De belangrijkste vorm van gereguleerde eiwitafbraak in de cel wordt gemedieerd door het 

ubiquitine-proteasoom systeem (UPS). Een goed functionerend UPS is voor cellen van 

vitaal belang, mede door de belangrijke functie die dit systeem vervult in de kwaliteits-

controle van eiwitten die betrokken zijn bij de regulatie van intracellulaire homeostase. Er 

zijn sterke aanwijzingen dat een afname in de activiteit van het UPS een rol speelt in de 

pathogenese van neuronale en niet-neuronale ziekten die gekarakteriseerd worden door 

ubiquitine-bevattende pathologie. In een aantal van deze ziekten, waaronder de ziekte van 

Alzheimer en de ziekte van Huntington, hoopt een afwijkende vorm van het eiwit 

ubiquitine (UBB+1) zich op in de neuropathologische kenmerken van deze ziektebeelden. 

De aanwezigheid van UBB+1 hierin bevestigt het idee dat een verstoring van het UPS kan 

bijdragen aan de pathologische cascade die uiteindelijk resulteert in (neuro-) pathologie. 

Eerdere studies in gekweekte cellen hebben laten zien dat UBB+1 de activiteit van het 

proteasoom inhibeert bij een hoog expressie niveau. In dit proefschrift wordt verder 

onderzoek beschreven naar de UPS-gerelateerde eigenschappen van UBB+1 in vitro. 

Tevens werden de effecten van verschillende expressie niveaus van UBB +1, en de 

bijbehorende inhibitie van het proteasoom, in vivo bestudeerd. Voor dit doeleinde zijn drie 

nieuwe transgene muizen lijnen ontwikkeld die UBB+1 tot expressie brengen in neuronen. 

In Hoofdstuk 1 wordt een overzicht gegeven van het UPS en wat de mogelijke rol van 

dit systeem zou kunnen zijn in neurodegeneratieve ziekten. Ook worden de huidige 

beschikbare muismodellen besproken waarin afwijkingen in het UPS leiden tot een 

neurologisch fenotype. 

Het doel van het onderzoek zoals beschreven in Hoofdstuk 2 is de karakterisatie van 

de UPS-gerelateerde eigenschappen van UBB+1. In vitro zijn deze eigenschappen 

ogenschijnlijk tegengesteld; UBB+1 is een substraat voor proteasomale afbraak, terwijl het 

eveneens de activiteit van het proteasoom remt. In deze studie laten we zien, door gebruik 

te maken van een induceerbaar UBB+1 expressie systeem, dat deze eigenschappen van 

UBB+1 dosis-afhankelijk zijn. Bij lage niveaus van expressie wordt UBB+1 afgebroken 

door het proteasoom terwijl bij hoge expressie UBB+1 de activiteit van het proteasoom 

inhibeert. Deze bevindingen in humane cellijnen zijn daarna bevestigd in organotypische 

kweken van muizen cortex. Op basis van onze eerdere resultaten en de resultaten 

verkregen in dit onderzoek, volgt de hypothese dat in de humane hersenen, UBB+1 het 

proteasoom alleen remt, en op deze wijze kan bijdragen aan pathogenese, nadat een 

bepaalde expressie drempel is overschreden. Door de proteasoom substraat/remmer 

eigenschappen van UBB+1 kan de expressie van dit eiwit als experimentele methode 

dienen in onderzoek naar het UPS, en naar de rol van dit systeem in ziekteprocessen.  

In Hoofdstuk 3 wordt het effect van hoge UBB+1 expressie in vivo bestudeerd in twee 

nieuw ontwikkelde transgene muizen lijnen, die postnataal UBB+1 tot expressie brengen in 
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neuronen onder controle van de CaMKinaseIIα (lijn 3413) of de Thy1.2 (lijn 8630) 

promoter. In beide lijnen zijn de cortex en hippocampus de voornaamste hersengebieden 

waarin het UBB+1 eiwit tot expressie komt. In de cortex van de transgene muizen is de 

concentratie van geubiquitineerde eiwitten verhoogd, wat een aanwijzing is voor inhibitie 

van het UPS. Dit wordt bevestigd door een kleine verlaging van proteasoom activiteit in 

cortex homogenaten van lijn 3413 muizen. Ondanks deze inhibitie van het UPS vertonen 

de UBB+1 muizen geen duidelijke kenmerken van neuropathologie noch van een neuro-

logisch fenotype. Daarentegen is er wel een vermindering van het plaats-afhankelijke 

geheugen aanwezig in UBB+1 transgene muizen van 9 maanden oud. De resultaten van de 

proteoom-analyse van UBB+1 muizen laten een opmerkelijke gelijkenis zien met resul-

taten verkregen in Alzheimer patiënten en Alzheimer muismodellen. De voor deze studie 

ontwikkelde UBB+1 transgene muis modellen kunnen verder bijdragen aan onderzoek naar 

de rol van het UPS in neurodegeneratie en geheugen processen. Ook zijn deze lijnen een 

uniek model voor chronische, sub-optimale neuronale UPS activiteit in vivo. 

Hoofdstuk 4 beschrijft de ontwikkeling en karakterisatie van een UBB+1 transgene 

muizenlijn die het afwijkende ubiquitine eiwit op een laag niveau tot expressie brengt in 

neuronen (lijn 6663). Het UBB+1 eiwit kan slechts zeer beperkt worden gedetecteerd in 

deze muizen. Alleen na remming van het proteasoom, bereikt door rechtstreekse infusie 

van verschillende UPS remmers in de hippocampus, hoopt het UBB+1 eiwit zich op. 

Hieruit kan worden geconcludeerd dat in vivo, UBB+1 wordt afgebroken bij lage expressie 

niveaus en zich alleen ophoopt na remming van het UPS. Deze resultaten bevestigen de 

eerdere bevindingen in vitro, beschreven in Hoofdstuk 2. Deze UBB+1 lijn kan als model 

worden gebruikt in toekomstig onderzoek naar de eigenschappen van UBB+1 en de rol van 

dit eiwit in neurodegeneratie. Daarnaast kan deze lijn een waardevolle aanvulling zijn als 

UPS-reporter lijn voor neurodegeneratie-geassocieerde UPS inhibitie, waarbij ophoping 

van een natuurlijk UPS substraat, UBB+1, aangeeft dat het proteasoom geremd is. 

In Hoofdstuk 5 worden de effecten van proteasoom inhibitie op cognitief functioneren 

beschreven. Het UPS speelt een belangrijke rol in synaptische plasticiteit en in geheugen 

processen in de volwassen hersenen. In dit onderzoek toetsen wij de hypothese dat 

proteasoom remming, geїnduceerd door UBB+1 expressie, het cognitief vermogen aantast. 

In de Morris watermaze, een test voor ruimtelijk leren en geheugen, laten lijn 3413 UBB+1 

transgene muizen een verlies van ruimtelijk geheugen zien op een leeftijd van 15 

maanden. Bij deze UBB+1 transgene muizen manifesteren zich tot een leeftijd van 24 

maanden geen sterke neurologische afwijkingen en motor-leren en -coördinatie zijn 

onaangetast. Uit dit onderzoek kan worden geconcludeerd dat het verlies van ruimtelijk 

geheugen, zoals beschreven in Hoofdstuk 3 voor UBB+1 muizen van 9 maanden oud, ook 

op de leeftijd van 15 maanden aanwezig is, zonder te verergeren tijdens veroudering. 

Tevens bevestigen deze resultaten dat een intacte functie van de voorhersenen nood-

zakelijk is voor ruimtelijk geheugen. 
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De in vivo effecten van UBB+1 geïnduceerde proteasoom remming op de vorming van 

Alzheimer-gerelateerde neuropathologie, met name op de vorming van de amyloide 

plaques, alsmede het effect van Aβ depositie op UBB+1 opstapeling worden beschreven in 

Hoofdstuk 6. In een transgeen muismodel, welke UBB+1 en familiaire Alzheimer-

gerelateerd mutant APP en PS1 tot expressie brengt, zorgt beperkte neuronale inhibitie 

van het proteasoom (geïnduceerd door hoge expressie van UBB+1) voor een opmerkelijke 

en onverwachte reductie in plaque depositie op een leeftijd van 6 maanden. Zowel de 

stapeling van UBB+1 eiwit als de leeftijd waarop de amyloid pathologie start in deze 

dieren zijn onveranderd. Proteasoom inhibitie zou mogelijk de processing van APP tot Aβ 

kunnen verstoren, en op deze wijze de hoeveelheid Aβ plaques kunnen verminderen. 

Ten slotte worden in Hoofdstuk 7 de resultaten zoals verkregen in dit proefschrift 

bediscussieerd en worden suggesties voor toekomstig onderzoek gegeven. De in dit 

hoofdstuk gepresenteerde (preliminaire) onderzoeksresultaten verschaffen meer inzicht in 

de rol van UBB+1 in proteasoom dysfunctie in neurodegeneratieve ziekten. 

Op grond van de bevindingen in dit proefschrift kan de conclusie worden getrokken 

dat stapeling van mutant ubiquitine en de bijbehorende vermindering van proteasoom 

activiteit zowel in vitro als in vivo verstoringen teweeg kunnen brengen in de gereguleerde 

eiwitafbraak. Tevens leidt langdurige, gedeeltelijke remming van het proteasoom in 

neuronen tot een afname van het ruimtelijk geheugen en interfereert het met Alzheimer-

gecorreleerde neuropathologie. De muismodellen die neuronaal UBB +1 tot expressie 

brengen, beschreven in Hoofdstuk 3 en Hoofdstuk 4, kunnen in toekomstige studies 

bijdragen aan een beter begrip van de rol van het UPS in neurodegeneratieve ziekten. 
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