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ABSTRAC T T 

UBBB + 1 is a mutant ubiquitin that accumulates in the pathological 
hal lmarkss of Alzheimer's d isease. Besides being an efficient 
proteasomee substrate. UBB + 1 can also act as a potent inhibitor. 
Too explain this paradox, we hypothesized that UBB+1 contributes 
too proteasome inhibition only after exceeding a threshold of 
accumulation.. This hypothesis was studied in organotypic cortex 
culturess of mice. A GFP-based proteasome substrate, Ub('7)1v-GFP, 
wass used to monitor proteasome activity. Like L"b{;?,'v-GFP, UBB"1 was 
efficientlyy degraded in cortex cultures after lentiviral transduction, 
andd only accumulated after additional proteasome inhibition. After 
washingg out the reversible inhibitor MG132, proteasome activity 
wass restored, as demonstrated by regained capacity to degrade 
Ub(j,fA-GP"P.. UBB+1 however, remained accumulated in many cells, 
corroboratingg our hypothesis. In cortex cultures of UbG7BV-GFP 
transgenicc mice it was demonstrated that accumulated UBB + 1 

inhibitss the proteasome in this system. These results indicate that 
accumulatedd UBB+1 in Alzheimer brain may have reached a critical 
thresholdd from which UBET: can contribute to proteasome inhibition 
andd neurodegeneration. 
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INTRODUCTION N 

Alzheimer'ss disease (AD) is the most common cause of dementia, 
affectingg an increasingly large group of elderly (Cummings et al., 
1999;; Selkoe, 2001). In the last few years, evidence has accumulated 
thatt supports the premise that the ubiquitin proteasome system 
(UPS)) plays a role in many neurodegenerative diseases, including 
ADD (Ciechanover and Brundin, 2003). 

Thee UPS normally is responsible for the majority of protein 
degradationn in the cell. Ubiquitin (Ub) tags proteins for degradation 
throughh a complex enzymatic machinery, consisting of Ub activating 
(El),, Ub conjugating (E2) and Ub ligating (E3) enzymes. Through 
thiss pathway, isopeptide bonds are formed between the C-terminal 
Glyy residue of Ub and the s-amino groups of Lys residues in proteins. 
Byy the sequential addition of mono-Ub to a Lys residue of substrate-
boundd Ub, a polyubiquitin tree is formed, which targets the protein 
forr degradation by the 26S proteasome - for a review see (Glickman 
andd Ciechanover, 2002). The proteasome is a large enzymatic 
complex,, consisting of a 20S core, which can be flanked by several 
regulatoryy particles, such as 19S (Ferrell et al., 2000). The 20S and 
19SS particles together form the 26S proteasome, which is mainly 
responsiblee for the degradation of polyubiquitinated proteins. 

UBB+11 is a mutant form of Ub which is the result of a dinucleotide 
deletionn in the mRNA of the ub1'qui'tin-B gene (Van Leeuwen et al., 
1998b).. UBB+1 accumulates in the neuropathological hallmarks of 
ADD and other neurodegenerative diseases, with the exception of 
synucleinopathiess (De Pril et al., 2004; Fischer et al., 2003). UBB + 1 

hass paradoxical properties; on the one hand it acts as a ubiquitin-
fusion-degradationn (UFTJ>) substrate for the proteasome, on the 
otherr hand however, it is a specific inhibitor of the proteasome when 
expressedd at high levels (Lindsten et al., 2002) and eventually causes 
apoptotic-likee cell death (De Vri j et al., 2001). We hypothesized 
thatt high levels of UBB + 1 accumulation will cause a shift in UBB41 

propertiess from proteasome substrate to proteasome inhibitor after 
exceedingg a threshold. 

Thee balance between substrate and inhibitor properties of UBB+1 was 
foundd to be highly variable between different systems (De Vrij et al., 
2001;; Fischer et al., 2003; Lindsten et al., 2002). In rat brain it was 
shownn that injected lentivirus encoding UBB+1 intriguingly did not 
leadd to accumulation of the protein (Fischer et al., 2003), in contrast 
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too cell line studies. Therefore, we chose to study our threshold 
hypothesiss in a system relevant to the situation in the human brain, 
wheree UBB + 1 is most likely degraded in young control individuals and 
onlyy accumulates in certain specific neurodegenerative diseases (De 
Prill  et al., 2004; Fischer et al., 2003). We made use of organotypic 
cortexx slice cultures of mice, which represent an elegant system to 
studyy brain cells in their original context. 

Transgenicc mice expressing a previously characterized GFP-based 
proteasomee reporter. Ub(::':''i-GFP (Oantuma et ah, 2000b; Lindsten 
ett al., 2003; Neefjes and Dantuma. 2004), were used to validate 
thee ability to manipulate proteasome activity in our organotypic 
cortexx culture system. The proteasome reporter carries a UFD-
signall  consisting of an uncleavable L'b moiety that is target for 
polyubiquitinationn and subsequent degradation by the proteasome. 
comparablee to l'BB + i (Lindsten et al., 2002). Therefore, cells that 
expresss this proteasome reporter will only accumulate GFP when 
proteasomall  degradation is inhibited. For a direct comparison of this 
reporterr substrate with lentivirally induced l :BB + 1, organotypical 
cortexx slice cultures of wild type C57BL/6 mice were transduced with 
lentivirall  vectors encoding either UbG7!;,v-GFP or UBB + ;. The results 
off  using a reversible proteasome inhibitor that allows recovery of 
proteasomee activity after strong inhibition supported our threshold 
hypothesiss for UBB41. Quantification of this effect was performed in 
humann neuroblastoma cells. 

RESULTS S 

Virall transduction in organotypical mouse cortex cultures 

Inn AD, UBBM accumulates mostly in neurons, while in other 
neurodegenerat ivee diseases, such as progressive supranuclear 
palsy,, L'BB4'1 also clearly accumulates in glial cells of white 
matterr (Fischer et al., 2003). Organotypical cortex slice cultures 
formm an elegant system to study different types of brain cells in 
theirr original context. In this study, C57BL/6 mouse cortex slice 
culturess were efficiently transduced with viral vectors encoding 
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severall  proteins of interest. Transduction of wildtype cortex slice 
culturess with lentivirus (LV) encoding Ub-M-GFP - a control fusion 
proteinn resulting in a stable form of GFP (Dantuma et al.. 2000b) 
-- resulted in many immunopositive cells (Fig.1) two days after 
transduction.. The population of cells that was transduced consisted 
mainlyy of astrocytes, although also neuronal cells were observed, 
ass demonstrated by NeuN/GFAP double staining in LV-Ub-M-GFP 
transducedd cultures (Fig.2). 

Fig .. I Successfu l lent iv i ra l t ransduct io n o f organotyp i c 
mous ee cor te x slic e cul tures . Wi ld type organotypic mouse 
cortexx slice cultures were transduced with LV encoding the stable 
controll GFP fusion protein Ub-M-GFP. GFP stained with uGFP/ 
Cy2.. See Colo r figures . 

Fig. 22 Lentiviru s target s a heterogeneou s cel l 
popula t io nn in co r te x slic e cul tures . NeuN 
(blue)) and GFAP (red) double staining on LV-Ub-
M-GFPP transduced cultures revealed mostly GFAP 
labeledd GFP positive cells, but also NeuN positive 
neurons.. A r rows indicate transduced N e u N 
positivee neurons See Colo r figures . 
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Thee proteasome reporter system in mouse cortex slice cultures 

Too verify if the pro teasome repor ter sys tem works in our cul ture 
sys tem,, organotypic cortex sl ices of U b : ' -GFP/2 transgenic mice 
(L indstenn et al.. 2 0 0 3) we re cu l tured and subsequen t ly t rea ted 
withh the p ro teasome inhibitor epoxomicin. GFP staining confirmed 
thatt the repor ter only accumulated in the cortex slice cultures after 
inhibitorr t reatment (Fig.3). 

InIn o r d er to c o m p a re lent iv iral ly induced UBB* ' to L"bC7fiV-GFP, 
alsoo lentiviral v e c t o rs of l b ' -GFP were produced and applied 
too co r t ex c u l t u r es of wild t ype mice. Lent iv i ral t ransduc t ion of 
thee p ro teasome repo r ter only resu l ted in accumulat ion of l b 
GFPP af ter t r e a t m e nt of the c u l t u r es with epoxomic in (F ig .4 ). 
Lentivirall  t ransduct ion of wildtype cortex slice cultures with UBB+1 

intriguinglyy also did not lead to accumulation of the protein (Fig.4), 
inn cont rast to lentiviral t ransduct ion of cell l ines (Lindsten et al., 
2002).. Apparent ly, UBB + ! was very efficiently degraded in cor tex 
slicee cul tures, as demonstrated by the accumulation of UBB' ! after 
p ro teasomee inhibition by epoxomicin (Fig.4). The lysine-mutant of 
UBB* \\ UBB+1K2-MSK, is not a target for ubiquitination (Lindsten et 
al... 2002) and therefore accumulated in t ransduced cortex cul tures 
regard lesss of proteasome inhibition, as expected (Fig.4). 

Fig. 33 T h e p r o t e a s o m e 
r e p o r t e rr  sys te m in c o r t e x 
cu l ture ss o f Ub G 7 6 V G F P 
t ransgeni cc m i c e . A UbG76V-
GFPP transgenic cor tex cultures 
w i thou tt t reatment. B UbG '6 V-
GFPP transgenic cor tex cultures 
treatedd wi th I uM epoxomicin. 
Thee repor ter substrate only 
accumulatess after proteasome 
inhibition.. See Colo r figures . 

ee made use of the 
reve rs ib lee p r o t e a s o me inhibi tor MG132 that al lows react iva t ion 
off  the p r o t e a s o me after s t r ong inhibit ion. Apply ing M G 1 32 to 

UBB"11 threshold in mouse cortex cultures 

Too lest our th resho ld hypo thes is for UBB+1 w 
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Fig. 44 U B B "  is degrade d by th e p ro teasom e in cor te x cultures . Both the reporter protein Ub a ' 6v -GFP 
(green)) and UBB''(red) accumulate after treatment with I uM epoxomicin overnight.The lysine mutant of UBB" also 
accumulatess without inhibitor treatment. See Colo r figures . 

lent iv i ral lyy t r ansduced cu l tu res for 16 hours resu l ted in s t rong 
accumulationn of both UbGTr>v-GFP and UBB+1 (Fig.5). When MG132 
t rea tedd cu l tures were r insed and al lowed to recover, p ro teasome 
activityy was restored, as demonstrated by the regained capacity to 
completelyy degrade the GFP reporter protein (Fig.5). Nevertheless. 
thiss r e s t o r ed p r o t e a s o me act iv i ty was not capable of degrad ing 
thee accumulated UBB+1 in all cel ls (Fig. 5 ). T he number of cel ls 
containingg accumulated UBB+1 after washout of the inhibitor was 
inc reasedd compared to the number of UBB+1 posi t ive cel ls after 
initiall  transduction. These exper iments indicate that although UBB+] 

iss p rocessed more efficiently in mouse cor tex cu l tu res than it is 
inn human neuroblastoma cel ls. UBB+1 is less efficiently degraded 
thann UbG76V-GFP, which can be due to the fact that it inhibits the 
pro teasomee system. Intrinsically, the ability of UBB+1 to inhibit its 
ownn degradation in this system, does not prove that it also inhibits 
thee pro teasome in general, like we found in cell lines (Lindsten et 
al... 2002). Therefore, we also transduced cortex cultures of UbG76V-
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GFPP transgenic mice to study if accumulated L"BB+1 also results in 
accumulationn of the reporter in this system. However, similar to wild 
typee cortex slice cultures, lentiviral UBB+1 transduction did not lead 
too UBB+1 accumulation unless additional proteasome inhibitors were 
applied.. This treatment would certainly lead to GFP accumulation 
inn the transgenic cultures regardless of UBB+1 expression, making 
itt impossible to distinguish proteasome inhibition by UBB+1. 
Therefore,, we found a wax' to induce higher expression levels of 
IBB ' 1,, which, according to our threshold hypothesis, might trigger 
UBB+11 accumulation by itself. Such high expression levels of UBB+ 

weree achieved by making use of adenoviral in stead of lentiviral 
transductionn of UBB+1. We confirmed the increased expression of 
adenovirall  compared to lentiviral UBB' - by transducing 29.'-! cells with 
equall  multiplicities of infection of either LV-UBB'1 or Ad-l BB'; and 
comparingg protein levels on western blot - performed as described 
inn (De Vri j et al.. 2001). Adenoviral transduction resulted in 4- to 
5-foldd expression compared to lentiviral transduction (Fig.6A). 
Transductionn of UbG7lSV-GFP transgenic cortex cultures with Ad-
UBB+11 indeed resulted in accumulation of UBB+1 in many cells 

Fig. 55 T h e threshol d effec t o f UBB * accumulat io n in cor te x cultures . 16 hour incubation of transduced 
culturess with the reversible inhibitor MGI32 results in accumulation of both UBB" and Ub : , !% GFP Washing out the 
reversiblee inhibitor reactivates the proteasome. as shown by the degradation of UbG76V-GFR UBB'' however, remains 
accumulatedd in a considerable amount of cells. See Colo r figures . 
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(Fig.6C),, in contrast to lentiviral transduction (Fig.6B). Most cells 
thatt were positive for UBB+1 clearly accumulated the GFP reporter 
(Fig.GD).. indicating that UBB"' is capable of inducing proteasome 
inhibitionn in this system. 

Thee threshold effect that was observed with lentiviral transduction 
followedd by reversible proteasome inhibition was difficul t to 
quantifyy in this culture system. Therefore, experiments in human 
neuroblastomaa cells were designed to quantify the threshold 
hypothesiss for UBB+1 accumulation. 

Fig. 66 Hig h A d - U B B "  expressio n surpasse s th e 
th resho l dd leve l an d cause s accumu la t i o n o f 
Ub G 7 6 V -GFP.. Increased expression of UBB "  wit h 
adenoviruss compared to lentivirus. leads to accumulation 
off UBB'1 without inhibitor treatment. A Representative 
westernn blot of lysates of 293 cells transduced with 
equall MOI of LV-UBB "  (lane I) o r Ad-UBB' 1 (lane 
2).. Equal amounts of protein were loaded per lane, as 
confirmedd by Coomassie staining of total protein load of 
thee same lanes shown on the right.The blot was stained 
wi thh Ubi3 and quantified wi th Imagepro software. 
Organotypicc cortex slice 
culture ss of UbG76V-GFP 
transgenicc mice were 
transducedd wi th B LV-
UBB*1.. o r C Ad-UBB- . 
LV-UBB"" transduction did 
nott induce accumulation 
off UBB" . while Ad-UBB" 
didd result in many UBB' 
immunoposit ivee cells. D 
U B B "" accumulation after 
adenovirall t ransduction 
leadss to accumulation of 
UbG76V-GFPP (arrows). See 
Colo rr  figures . 
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UBB^11 threshold in human neuroblastoma cells 

Humann neuroblastoma cells were transduced with lentiviral vectors 
encodingg UBB+1, tJBB+1K29-18R or UbG76V-GFP. Three days after 
transductionn cells were treated with the irreversible proteasome 
inhibitorr epoxomicin or the reversible inhibitor MG132. Inhibitors 
weree left on for 16 hours or washed out after five hours of treatment 
andd grown for 16 hours in normal medium. All conditions were fixed 
att the same time (Fig.7). 
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T hee lys ine mutant of UBB+1, LTBB+1K29 ;" : is not deg raded by the 
pro teasomee and therefore accumulated in all t ransduced cells (36.7% 
off  total cell number) (Fig.7). Without inhibitor treatment UBB'- was 
degradedd in the majority of t ransduced cells, but accumulated in a 
cons iderab lee amount of them (8.6% of total. - 2 5% of t ransduced 
ce l l s ),, as e x p e c t ed (De Vri j el al.. 2 0 0 1: L indsten et al.. 2 0 0 2 ). 
T hee GFP r e p o r t er UbG76V-GFP w as comple te ly deg raded by the 
proteasomee in virtually all cells (0.9% of total). After treatment with 
eitherr proteasome inhibitor overnight all three proteins accumulated 
too about t he s a me levels ( ~ 4 0% of to ta l ), d e m o n s t r a t i ng that 
t r a n s d u c t i onn leve ls b e t w e en the di f ferent lent iv i ral c o n s t r u c ts 
w e ree c o m p a r a b l e. Washing out the r e v e r s i b le inhibi tor MG132 
ledd to a lmost comp le te remiss ion of the accumulat ion of UbG76v-
GFPP (1.7% of tota l ). UBB+I however, remained significantly more 
accumulatedd (17.2% of total, p=0.007) in this condition than in the 
controll  s i tuat ion (8.6% of total) (Fig.7). T h e se resu l ts show that 
proteasomee inhibition by UBB"" indeed seems subject to a threshold 
levell  of U B B '1 accumulat ion. Accumulated UBB1- was capable of 
sustainingg pro teasome inhibition by itself in cells that were able to 
degradee UBB'1 before treatment with the reversible inhibitor. 
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Fig. 77 Quantif icatio n o f th e threshol d effec t of U B B "  in huma n neuroblastom a cells . Reversible proteasome 
inhibitionn in lencivirally transducted SH-SY5Y cells. N o virus (contr). LV-UBB "  (UBB") . LV-UBB"K2,48R (Lys) and 
LV-UbG"v-GFPP conditions were treated with: no inhibitor (c), MGI32 overnight (o/n) or MGI32 for 6 hours, which 
waswas allowed to wash out overnight (MGI32 w) and the same treatments with the irreversible inhibitor epoxomicin. 
Thee repor ter protein Ubc ,6V-GFP was almost completely degraded in cells after washout of the inhibitor (1.7% 
accumulation),, while UBB" remained significantly more accumulated (I 7.2%. p=0.007, asterisk) than in the control 
situation.. Results of two representative experiments, each performed in duplo. 
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DISCUSSION N 

UBB+II has paradoxical properties as both a substrate and an inhibitor 
off  the proteasome. The differences in UBB + 1 processing between cell 
lines,, cortex slice cultures and in vivo experiments, further complicate 
thee understanding of the mechanisms of action of UBB + 1. These 
differencess can be partly explained by the threshold hypothesis as 
shownn in this study. In mouse cortex slice cultures, UBBTl was found 
too accumulate in more cells after reversed proteasome inhibition 
thann in the control situation and compared to the UFD reporter 
protein.. This effect was quantified in neuroblastoma cells and found 
too be significant. An interesting issue that remains to be resolved 
iss why UBB+1 accumulates relatively easy in human neuroblastoma, 
HeLaa or 293 cells after lentiviral transduction, but is degraded in 
virtuallyy all cells in mouse cortex slice cultures transduced with the 
samee virus. This effect was also observed earlier in lentiviral UBB+1 

injectionn in rat hippocampus, which also showred degradation of 
UBB+11 (Fischer et al., 2003). Human to murine species differences 
betweenn the cortex cultures and neuroblastoma cell lines were 
ruledd out as a cause for this discrepancy as human SH-SY5Y and rat 
N2aa neuroblastoma cells did not show different numbers of UBB+1 

positivee cells after lentiviral transduction (results not shown). A 
moree probable explanation could be a difference in transduction 
efficiencyy of lentivirus in cell lines versus cortex cultures. In earlier 
reports,, it has also been described that higher expression levels 
aree obtained in transfection of tumorigenic cells versus normal cells 
(Wadiaa et al., 2004). In contrast to lentiviral UBB+l , adenoviral 
inducedd UBB+1 expression leads to accumulation of the protein not 
onlyy in cell lines, but also in cortex slices. Adenoviral expression is 
strongerr than lentiviral expression, as we demonstrate in this study 
inn cell lines. In cortex slice cultures, this increased expression of 
UBB+11 apparently surpasses the threshold that lentiviral expression 
doess not reach in this system. Alternatively, the difference in 
accumulationn of UBB"1 in cortex slice cultures transduced with 
lentiviruss compared to adenovirus could also reflect an influence 
off  certain viral proteins expressed by the adenoviral vector or a 
differencee in tropism of the viruses. In the latter case, adenoviral 
transductionn would target a subpopulation of cells that is more 
vulnerablee to proteasome inhibition than lentivirally transduced 
cellss are. It is known from earlier reports that lentivirus is more 
capablee of transducing neurons than adenovirus is (Hhrengruber et 
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al... 2001). Besides this difference, in which lentivirus only seems to 
havee a broader tropism than adenovirus, it is not known if adenovirus 
couldd transduce an entirely different cell population than lentivirus. 
Inn our cultures, no obvious difference was observed between cells 
transducedd with lentivirus or with adenovirus. Therefore, we believe 
thatt the higher expression levels of adenovirally transduced L'BB+1 

comparedd to lentiviral transduction are responsible for the difference 
inn l.'BB~: accumulation. 

Inn AD brain, proteasomal inhibition is found in affected brain 
areass (Keck et ah. 2003; Keller et al.. 2000a). The threshold 
forr UBB+1 accumulation is clearly reached in AD brain, as UBB+1 

immunorcactivityy is highly associated with the pathological hallmarks 
off  AD. However, since L'RBH normally is an efficient substrate for 
thee proteasome, it is not likely that UBB"1 accumulation forms the 
initiall  trigger for proteasome inhibition in AD. Other AD-related 
mechanismss probably precede UBBM accumulation and are more 
pronee to elicit inhibition of the proteasome. UBB': will then serve 
ass an endogenous reporter of proteasome inhibition, as suggested 
earl ierr (Fischer et al.. 2003). However, besides this repor ter 
function,, we now show that L'BB + 1 wil l most likely contribute to 
proteasomee inhibition in the cells in which it accumulates. PHF-tau, 
A33 and oxidative stress have all been implicated to play a role in 
proteasomee inhibition (Gregori et al., 1995: Keck et al., 2003; Keller 
ett al.. 2000b; Zhu et al., 2004a) and therefore might form the initial 
triggerr for proteasome inhibition and UBB"*1 accumulation in AD. 
Recently,, an interesting link was demonstrated between Ap mediated 
toxicityy and proteasome activity, through the E2-25K enzyme and 
UBB"" (Songet al., 2003). 

Inn summary, the current study indicates that UBB1"1 propert ies 
shiftt from proteasome substrate to inhibitor after a critical level 
off  accumulation is reached. It is notable that the experiments are 
performedd in a physiologically relevant setting of organotypic 
cor texx slice cultures, in which sub threshold levels UBB4"1 are 
efficientlyy degraded. In our view, this situation is comparable to AD 
neuropathology,, in which UBB+; probably is efficiently degraded until 
thee threshold is finally reached after a gradual increase in UBBf l 

levelss due to proteasome inhibition by other AD-related mechanisms. 
Thee present study indicates that once this threshold is reached. 
UBBB + 1 will act as a potent inhibitor of the proteasome. Therefore, 
wee hypothesize that UBB + : is involved in neurodegeneration in AD 
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byy contributing to pro teasome inhibition once a threshold of GBB+1 

accumulationn is reached. 

MATERIAL SS AN D METHODS 

Organotypi cc  corte x slic e culture s 

Organotyp icc co r t ex sl ice cu l tu res w e re made from fiv e day old 
C57BL /66 wil d t ype or C57BL /6 t r ansgen ic Ub{ i 7 , , v -GFP/2 mice 
(Lindstenn et al., 2003 ). The mice were decapitated; the brain was 
removedd as a whole from the skull and transferred to ice cold Gey's 
Balancedd Salt Solution (GBSS; Sigma) containing 5.4 mg/ml glucose, 
1000 LVml penici l l in and 100 fig /ml s t r e p t o m y c in (Gibco). T he 
meningess were removed and the brain was cut into two hemispheres. 
T hee f ronto-par ietal part of the h e m i s p h e re w as sl iced into 3 00 
fj.mm coronal sect ions using a t issue chopper (Mcl lwain). The first 
fourr s l ices per hemisphere were excluded from the exper imen ts. 
T hee sl ices we re cul tured on an air-fluid interface on cul ture plate 
insertss (Millipore: 0.4 j^m pore size; 30 mm diameter; 3 cultures per 
insert)) on 1 ml culture medium containing 50% Minimum Essential 
Mediumm alpha (MEMa; Gibco). 25% HBSS (Gibco), 25% horse serum 
(Gibco),, 6.5 mg/ml glucose, 2 mM glutamine (Gibco) and penicillin/ 
streptomycinn (100 U/ml, 100 (ig/ml; Gibco). The slices were cultured 
inn an incubator at 37°C with 5% CO,,. Viral t ransduct ion of cul tures 
wass achieved by applying 1 x 10'' transducing units of virus in a 10 
m11 droplet of cul ture medium on top of the sl ices. T rea tment with 
p ro teasomee inhibitors epoxomicin and MG132 (Affinity , UK) was 
performedd in the same manner in concentrations of 1 jiM and 10 fiM, 
respect ively.. Pro teasome inhibitors were applied for six hours and 
subsequent lyy e i ther left on or washed out overnight. Sl ices we re 
stainedd free floating by incubation in Supermix, containing 0.05M 
Tris.. 0.97c NaCl, 0.25% gelatine and 0.5% Triton-X-100, pH 7.4, with 
rabbitt polyclonal anti-GBP'1 antibody (Ubi3 serum, 05/08/97,1:1000 
(Dee Vri j et al., 2 0 0 1 ) ), fol lowed by s e c o n d a ry ant i - rabbit C y3 
ant ibodyy (1 :800). Rabbit polyclonal aGFAP (ÜAKO), monoclonal 
a G FPP (Chemicon) and monoclonal NeuX (Chemicon) ant ibod ies 
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w e ree used in di lut ions of 1:4000, 1:500 and 1:400 respec t ive ly, 
followedd by Cy2 and Cy3 staining (1 :800). Nuclei were visualised 
withh TO-PRO (1:1000, Molecular Probes). Subsequently, slices were 
mountedd in mowiol (0.1M Tris-HCl pH8.5, 257c glycerol, 109c w/v 
mowioll  4-88) and analyzed with confocal laser scanning microscopy 
(Zeisss 510). 

Virall constructs 

Fi rstt g e n e r a t i on recomb inant adenov i ral v e c t o rs AdUBB"* 1 and 
AdwtUbb were generated, purified and titered as described elsewhere 
(Dee Vri j et al., 2 0 0 1; Hermens et al., 1997 ). Adenovi ral vec to rs 
weree based on the Ado mutant dl309 (Jones and Shenk. 1979) and 
employedd the cytomegalov i rus immediate ear ly (CMV) promoter 
too dr ive t r a n s g e ne express ion. Ti t rat ion of double CsCl gradient-
purifiedd Ad-CMV-UBir 1 and Ad-CMV-wtUb on the permiss ive cell 
linee 9 11 (Fa l laux et al., 1996) r e v e a l ed t i t r es of l x lO ' 1 p laque 
formingg units/ml. 

DNAA encoding GFP, Ub-M-GFP. Ub( ; :" v-GFP, UBB+1 or the control 
lysinee mutant of UBB + i. UBB,1K2i'-ls!* , was cloned into the lentiviral 
t r a n s f err p lasmid pRRLs in-ppThCMV. Len t i v i rus w as p roduced 
accordingg to Naldini et al (Naldini et al., 1996a; Naldini et al., 1996b) 
byy co-transfecting the transfer lentiviral plasmid, the VSV-G envelope 
plasmidd (pMD.G.2) and the packaging plasmid (pCMVz/R8.74) into 
2933 T human kidney cells using a calcium phosphate method. After 
twoo days the lent iv i rus (LV) was harves ted, f i l tered and further 
concentratedd by ultra-centrifLigation at 20000 rpm at 16=C for 2.5 h. 
Thee virus was then resuspended in phosphate buffered saline (PBS; 
88 g/lNaCL 0.2 g/l KC1, 0.24 g/l KH2P04, 1.44 g/l Na2HP04; pll 7.4) 
++ 0.5% BSA (Sigma). Virus t i t res were determined with an IIIV- 1 
p244 core profile FLISA kit (Perkin Elmer Lif e Sciences. USA) and 
correlatedd to t i t res determined by counting GFP fluorescent cells of 
ann LV-Ub-M-GFP stock. In this way t i t res of adenoviral and lentiviral 
stockss could be correlated. 

Celll  lines 

SH-SY5YY human neuroblastoma cells were cultured in high-glucose 
Dulbecco'ss modified Eagle medium (Gibco) containing 10% foetal 
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calff  serum (FCS) (Gibco) and supplemented with 100 U/ml penicillin 
(Gibco)) and 100 ug/ml s t reptomyc in (Gibco) (DMEM-10% FCS). 
Cellss were cultured on 0.27c gelatin coated glass coversl ips in 24-
wcll ss plates (Nunc, Denmark) one day prior to lentiviral transduction. 
Thee next day the cells were transduced with lentiviral vectors with a 
multiplicityy of infection (MOD of 10. Medium containing the lentiviral 
vectorss was left on overnight, after which medium was replenished 
withh culture medium containing 4 uM all-trans retinoic acid (Sigma). 

Afterr t ransduct ion cells w^ere fixed in 4% formalin in phosphate-
bufferedd saline (PBS), pH 7.4 for one hour or longer. In be tween 
stainingg steps cells were rinsed with PBS, pH 7.4. Rabbit polyclonal 
ubi33 (anti-UBU + D w as used in a dilution of 1:1000 overn ight in 
Supermix.. The secondary anti-rabbit Cy3 antibody was diluted 1:200 
andd nuclei of cells were stained with TO-PRO-3 (Molecular Probes, 
1:1000).. Coverslips were mounted in mowiol. Images were acquired 
byy confocal l aser scann ing m i c r o s c o py (Ze iss 510) with t h ree 
differentt lasers emitting at 488, 543 and 633 nm to excite GFP. Cy3 
andd TO-PRO-3, respec t i ve ly. Cells w e re quanti f ied by hand with 
ImageProo sof tware (Media Cybernet ics, Silver Spr ings, MD). For 
eachh coversl ip, a Cy3 image and the corresponding TO-PRO image 
weree acquired in five fields. The expe r imen ts we re per formed in 
duplicate.. The total number of cells was quantified by counting the 
nuclei.. The number of t ransduced cells was quantified by counting 
thee immunoposit ive cells in the Cy3 or GFP images. Stat ist ics wras 
performedd by applying single-factor ANOVA between groups, based 
onn a = 0.05. 
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