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Abstract

Overexpression of ubiquitin C-terminal hydrolase L1 (UCH-L1) in mice rescues amyloid B-protein-induced decreases in synaptic
plasticity and memory. However, the physiological role of UCH-L1 in the brain is not fully understood. In the present study, we
investigated the role of UCH-L1 in the brain by utilizing gracile axonal dystrophy (gad) mice with a spontaneous deletion in the gene
Uch-11 as a loss-of-function model. Although gad mice exhibit motor paresis beginning at ~ 12 weeks of age, it is possible to analyse
their brain phenotypes at a younger age when no motor paresis is evident. Maintenance of memory in a passive avoidance test and
exploratory behaviour in an open field test were reduced in 6-week-old gad mice. The maintenance of theta-burst stimulation-induced
long-term potentiation (LTP) of field synaptic responses from Schaffer collaterals to CA1 pyramidal cells in hippocampal slices was
also impaired in gad mice. The LTP in gad mice was insensitive to actinomycin D, suggesting that a transcription-dependent
component of the LTP is impaired. Phosphorylation of cyclic AMP response element binding protein (CREB) in the CA1 region of
hippocampal slices from gad mice occurred earlier than in the slices from wild-type mice and was transient, suggesting that CREB
phosphorylation is altered in gad mice. These results suggest that memory in passive avoidance leaming, exploratory behaviour and
hippocampal CA1 LTP are reduced in gad mice. We propose that UCH-L1-mediated maintenance of the temporal integrity and
persistence of CREB phosphorylation underlies these impairments,

Introduction

Ubiquitin C-terminal hydrolase L1 (UCH-L1) is a deubiquitinating
enzyme (Wilkinson et al.; 1989) that is exclusively expressed in the
brain and testis, and its expression is neuron-specific in the brain
(Wilkinson et al., 1989). Several lines of evidence suggest that UCH-
L1 is involved in idiopathic Alzheimer’s disease (AD) and Parkinson’s
disease (PD): (i) UCH-LI is down-regulated in idiopathic AD and PD
(Choi et al., 2004), and in an AD model mouse (Gong et al., 2006);
and (ii) UCH-LI is oxidatively modified in AD brains (Castegna et al.,
2002). Substitution of tyrosine for serine at codon 18 (SI8Y
polymorphism) in the Uch-II gene exerts a protective effect against
sporadic AD (Xue & Jia, 2006) and PD (Maraganore et al., 1999).
Furthermore, substitution of methionine for isoleucine at codon 93
(I193M mutation) reduces hydrolase activity of UCH-L1 and is linked
to a rare autosomal dominant form of familial PD in a German family
(Leroy et al., 1998). Although these findings point to a role for
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UCH-L1 in AD and PD, the physiological role of UCH-LI in the
normal mammalian brain is not fully understood.

UCH-LI! has multiple functions in vitro. UCH-L1 removes small
adducts or unfolded polypeptides from ubiquitin’s C-terminus via
hydrolysis (Larsen et al., 1998). In addition, UCH-L1 has ubiquitin-
ligase activity on a-synuclein-ubiquitin conjugates (Liu et al., 2002).
Apart from enzymatic activity, UCH-L1 acts as a stabilizer of
monoubiquitin (Osaka et al., 2003). UCH-L! is thought to be a
therapeutic target for AD; specifically, overexpression of UCH-L1
rescues amyloid P-protein (AP)-induced decreases in synaptic plas-
ticity and contextual memory in mice (Gong et al., 2006). Pharma-
cological suppression of UCH-L1 hydrolase activity (by 70%) is
associated with impairment of synaptic transmission, tetanus-induced
long-term potentiation (LTP) in the hippocampal CAl field, and
contextual fear memory in mice (Gong et al., 2006). The nonmam-
malian Aplysia UCH has been identified as an immediate—early gene
essential for long-term synaptic facilitation in the nervous system
(Hedge et al., 1997).

The aim of the present study was to further characterize the role of
UCH-L1 in the mammalian brain. To this end, we utilized the UCH-
L1-deficient gracile axonal dystrophy (gad) mouse, which is a
spontaneous mutant with an in-frame deletion in exons 7 and 8 of
Uch-11 (Saigoh et al., 1999). Expression of the UCH-L1 protein is

© The Authors (2008). Journal Compilation © Federation of European Neuroscience Societies and Blackwell Publishing Ltd



692 M. Sakurai et al.

undetectable in the central nervous system of gad mice (Osaka et al.,
2003). In addition, recent analysis in our laboratory suggests that
truncated products from the mutant Uch-11 are not detected in the gad
mouse brain (T. Kabuta, unpublished observation). Although gad mice
exhibit motor paresis beginning at ~ 12 weeks of age due to axonal
degeneration of spinal cord neurons and subsequent degeneration of

the spinocerebellar tract (Kikuchi et al., 1990), it is possible to analyse .

the brain phenotypes of gad mice at younger ages when no motor
paresis is evident We found that memory in passive avoidance
learning, exploratory behaviour and hippocampal synaptic plasticity
are reduced in young gad mice (6 weeks of age).

Materials and Methods
Animals

Gad mice were bred at the Experimental Animal Center of the
National Institute of Neuroscience, National Center of Neurology and
Psychiatry, Tokyo. The original genetic background of gad mice was a
hybrid of the CBA and RFM strains (Kikuchi et al., 1990). However,
gad mice were backcrossed to C57BL/6] strain mice 6-18 times
before use in the present study. Six-week-old male gad mice and wild-
type mice generated from heterozygous gad mating pairs were used
for the experiments. Genotyping was carried out using PCR with the
following three primers:

F1, 5'- agcttggagectgtggtttcaactc-3';

R1, 5'-tggcagcatcctgaaaaggagaggtg-3';

.R2, §’-tacagatggccgtccacgttgttga-3’

The reaction conditions were 35 cycles of 94 °C for 20 s, 60 °C for
30 s and 72 °C for 60 s. The wild-type allele produced an 891-bp
PCR product, and the gad allele produced a 446-bp PCR product.
Three to five mice were housed per cage under controlled temperature
(25 £1°C) and lighting (12-h light-dark cycle) conditions and
provided with food and water ad libitum. The experiments were
performed in strict accordance with the National Institute of Neuro-
science’s regulations for animal experimentation, and were approved
by the Animal Investigation Committee of the Institute.

Histology

Hematoxylin and eosin (H&E) staining was performed as reported
(Kikuchi et al., 1990). For immunohistochemistry, 4-pm-thick paraffin
sections were de-paraffinized and pretreated in a microwave oven with
10 mM citrate-NaOH buffer (pH 6.0). After blocking with phosphate-
buffered saline containing 1% heat-inactivated normal goat serum and
0.1% [(v/v)] Triton X-100, slides were incubated with an anti-Af
monoclonal antibody (clone 4G8, 1 : 100 dilution; Signet Laborato-
ries, Dedham, MA, USA) or an antisynaptophysin monoclonal
antibody (MAB5258, 1 : 500 dilution; Chemicon, Temecula, CA,
USA) and then with Envision+horseradish peroxidase-labelled anti-
mouse IgG (DakoCytomation Inc., Carpinteria, CA, USA). Chromo-
genic detection was performed using the DAB Substrate kit
(DakoCytomation Inc.). Sections were examined with a BXS51
microscope (Olympus).

Behavioural tests

One-trial passive avoidance tests were performed as described
(Yamada et al., 2003). Briefly, a single mouse was introduced into a
light compartment of a light-dark box (Muromachi-kikai, Tokyo,
Japan). During habituation, mice were allowed to freely explore the
box for 5§ min with the sliding door between the light and dark
compartments open; afler that, the mice were retumned to their home

cage. For conditioning, which was carried out 2 h after habituation,
the mice were introduced into the light compartment, the sliding door
was closed when both hindlimbs had entered into the dark box, and an
electrical footshock was delivered via the floor grid in the dark
compartment (300 pA, 3 s duration, using a shock generator—scram-
bler; Muromachi-kikai). The mice were left in the light—dark box for
5 min and then returned to their home cage. Tests were carried out 2 or
24 h after the conditioning by re-introducing the mice into the light
compartment of the light—dark box. The latency time for mice to enter
the dark compartment was measured (light—dark latency, with a 5 min
cut-off). The tests at 2 and 24 h postconditioning were caried out
using different groups of mice.

The pain sensitivity of mice was tested as described (Yamada et al.,
2003). Briefly, a series of footshocks of ascending (20, 40, 60, 80, 100
and 130 pA, 1 s duration) and descending (130, 100, 80, 60, 40 and 20
WA, 1 s duration) cumrent were serially delivered to the mice via the
floor grid. The input current that induced hindlimb withdraw was
recorded. The interfootshock interval was 15 s. This trial was
performed six times, and the data were averaged.

Open field tests were performed as we described (Zushida et al.,
2007). Briefly, the test was carried out in an arena (a 50 X 50 cm white
field surrounded by a 40-cm-high white wall, illuminated with 80 Ix)
placed in a soundproof box. Mice were placed at the periphery of the
arena, and for 5 min the behaviour of the mice was recorded using a
digital video camera linked to a computer. Locomotor activity was
calculated from this record by Image OF (O’Hara & Co., Ltd, Tokyo,
Japan), modified software based on the public domain NIH Image
program. Rearing was manually counted.

The light—dark box test was performed as described (Yamada et al.,
2002). Briefly, mice were placed into the dark compartment of the
light—dark box and were allowed to explore both sides of the light—dark
box for § min. During these 5 min, three parameters were measured:
latency to enter the light compartment, number of entries into the light
compartment, and duration in the light compartment.

Electrophysiology

Each 6-week-old male mouse was anaesthetized with halothane, and the
brain was quickly removed. Preparation of hippocampal slices for
electrophysiology was carried out as reported (Takamatsu et al., 2005;
Zushida ef al., 2007). Briefly, the hippocampus was isolated from the
brain, and transverse slices (400 pm thick) were prepared using a
Vibratome 3000 microtome (Vibratome Company, St Louis, MO, USA)
in a sucrose-based cutting solution (in mM: sucrose, 234; KCl, 25;
NaH,POQ,, 1.25; MgSO,, 10; NaHCO;, 26; glucose, 11; and CaCl,,
0.5). The slices were maintained at room temperature in artificial
cerebrospinal fluid (ACSF; in mM: NaCl, 125; KCl, 4.4; MgSQO,, 1.5;
NaH,PO,, 1.0; NaHCO;, 26; glucose, 10; and CaCl,, 2.5; pH 7.4, 290-
300 mOsm/L) continuously bubbled with 95% O, and 5% CO,. A slice
was then transferred to the recording chamber and was continuously
superfused at 3 mL/min with ACSF maintained at 28-32 °C.
Extracellular field recordings were carmried out as reported
(Takamatsu et al., 2005). Briefly, field excitatory postsynaptic
potentials (fEPSPs) were recorded from CAl stratum radiatum of
the hippocampus using a glass micropipette (1-2 MQ) filled with
ACSF. The electrical signals were amplified using a MultiClamp 700B
amplifier (Axon Instruments, Foster City, CA, USA), filtered at
10 kHz, digitized at 10 kHz and acquired with Clampex (ver. 9.2). A
bipolar stainless steel stimulating electrode was placed in stratum
radiatum at the border between CA2 and CA3 to stimulate the Schaffer
collateral pathway. The pulse intensity was adjusted to give 40% of the
maximum amplitude in all experiments. Stimulation was carried out in
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constant current mode (100 ps duration). The fEPSPs for which the
40% amplitude was >1 mV were used for data analysis. The strength
of synaptic transmission was determined by measuring the rising
phase (20-60%) of the fEPSP slope. The average fEPSP slope during

the 10 min prior to LTP induction was taken as the baseline, and all

values were normalized to this baseline. The baseline stimulation
frequency was 0.033 Hz. LTP was induced by applying theta-burst
stimulation (TBS; 15 bursts of four pulses at 100 Hz, delivered at an
interburst interval of 200 ms) or tetanic stimulation (100 Hz, 1 s, three’
times with a 20 s interval). Paired-pulse facilitation was induced by
delivering two consecutive pulses with a 20-, 50-, 100-, 200- or 400-
ms interpulse interval.

Somatic whole-cell patch-clamp recordings were made with a
MultiClamp 700B amplifier (Zushida et al., 2007). Pyramidal-shaped
neurons in the CA1 pyramidal layer visually identified with differential
contrast video microscopy (Hamamatsu Photonics, Hamamatsu, Japan)
on an upright microscope (Axioscope, Zeiss, Oberkochen, Germany)
were selected for recording. The patch electrodes were 6-10 MQ when
filled with a solution containing (in mM): K gluconate, 132; KCl, 3;
HEPES, 10; EGTA, 0.5; MgCl,, 1; sodium phosphocreatine, 12;
ATP-Mg, 3; and GTP, 0.5 (pH 7.4 with KOH, 285-290 mOsm/L). We
used this solution when measuring membrane potential and input
resistance. The input resistance was calculated by injecting a square
current pulse (—10 pA) in cument-clamp mode. For comparison of
synaptic currents at —70 and +40 mV, an internal solution containing
(in mM): CsOH, 105; CsCl, 30; HEPES, 10; EGTA, 0.5; MgCl, 1;
sodium phosphocreatine, 12; ATP-Mg, 3; and GTP, 0.5 (pH 7.3 with
gluconic acid, 295 mOsm/L) was used. The signal was digitized at one
point per 50 ps and stored using Clampex. The resting membrane
potential of the cells used in the analysis ranged from -57 to ~67 mV,
and the series resistance was 3-20 MQ. Synaptic -responses were
elicited by electrical stimulation as described for extracellular record-
ing. The pulse intensity was adjusted to elicit excitatory postsynaptic
potentials (EPSPs) 40% of the amplitude required for action potential
generation in current-clamp mode.

All chemicals and drugs used for electrophysiology were purchased
from Sigma with the exception of actinomycin D, which was obtained
from Wako Pure Chemicals (Tokyo, Japan). Actinomycin D was
dissolved in dimethylsulfoxide at 40 mM, added to ACSF just prior to
application at 40 pM, and bath-applied with perfusion. Therefore, the
final dimethylsulfoxide concentration was 0.1%.

Western blotting

For analysis of AP, the hippocampus was isolated from the brain and
snap-frozen in liquid nitrogen. The tissue was homogenized in ice-
cold buffer (Tris-HC], 50 mM; NaCl, 150 mM; EDTA, 5 mM; and
Triton X-100, 1%; pH 7.5) containing proteinase inhibitors (Com-
plete, EDTA-free; Roche Applied Science, Indianapolis, IN, USA) and
phosphatase inhibitors (Halt phosphatase inhibitor cocktail; Pierce,
Rockford, IL, USA), and the homogenate was subjected to SDS-
PAGE. Western blotting was carried out as we reported (Kabuta et al.,
2006) using anti-AP (clone 4G8; Signet Laboratories), anti-UCH-L1
(UltraClone Ltd, UK) and anti-B-actin (Sigma) antibodies. Briefly,
immunoreactive signals were visualized with SuperSignal West Femto
maximum sensitivity substrate (Pierce) or SuperSignal West Dura
extended duration substrate (Pierce) and detected with a chemilumi-
nescence imaging system (FluorChem; Alpha Innotech, San Leandro,
CA, USA). Human AP 1-42 from Peptide Institute, Inc., Osaka, Japan
served as the positive control. :

Following _extracellular recording, hippocampal slices were
retrieved for Westem blotting. The dentate gyrus and CA3 region of

Abnormal brain function in UCH-L1-deficient mice 693

the slices were cut off, and the remaining CA1 region was snap-frozen
in liquid nitrogen. Tissue samples from each slice were homogenized
in the same buffer as used for the AP analysis, and the homogenate
was subjected to SDS-PAGE. The antibodies used were anti-phospho-
CREB (serine 133), anti-CREB (Cell Signalling Technology, Inc.,
Danvers, MA, USA), anti-cAMP-dependent protein kinase (protein
kinase A; PKA) regulatory subunit Rla and Rlla (BD Biosciences,
San Jose, CA, USA), anti-UCH-L1 (UltraClone Ltd) and anti-8-actin
(Sigma). Immunoreactive signals were visualized as described for the
AP analysis. The signal intensity was quantified by densitometry using
FluoChem software (Alpha Innnotech).

Data and statistical analysis

Numerical data are expressed as the mean £ SEM. The two-tailed
Student’s t-test was used for comparison between wild-type mice and
gad mice. Repeated-measures one-way ANOVA was used to analyse
whether footshock and exposure to an open field arena had significant
effects within a genotype in passive avoidance and open field tests,
respectively. ANOVA with the Bonferroni-Dunn test was used to
compare the three data groups in the pCREB analysis.

Results

Structural abnormalities were not detected in the cerebrum
and hippocampus of young gad mice

Before behavioural analysis, we first examined whether there were any
histological abnormalities in the cerebral cortex and hippocampus of
6-week-old gad mice. It has been reported that the thalamus is not
impaired in gad mice (Kikuchi et al., 1990), but there is no report on
the cortex and limbic system. Figure 1 A-D shows H&E staining of
coronal brain sections (at bregma level —1.7 mm) from a wild-type
mouse (Fig. 1A and C) and gad mouse (Fig. 1B and D; 6 weeks of
age). We could not detect any visible abnormalities, such as atrophy or
lack of cells, in the hippocampus or cortex of gad mice (n = 2). One
anatomical characteristic of gad mice is spheroid structures in the
medulla and spinal cord that are thought to be degenerating axons
(Kikuchi et al, 1990). We did not find this aberration in the
hippocampus or cortex of gad mice (Fig. 1A-D). We also examined
other brain regions in sections cut at bregma levels 2.5, 1.0, -3.0 and
~6.0 mm, and no outstanding abnormalities were evident in the gad
mice (data not shown). In addition, we carried out immunohisto-
chemical staining using antisynaptophysin. This antibody stains
presynaptic sites and thus the staining pattern would be expected to
be different in gad mice if there was noticeable axonal degeneration.
Typical punctate synaptophysin staining was obtained in both wild-
type (Fig. 1E and G) and gad (Fig. 1F and H) mice. We could not
detect any visible differences in the staining of the hippocampus
between wild-type and gad mice. These results suggest that structural
impairment of the brain at a macroanatomical level is not evident in 6-
week-old gad mice.

Axonal degeneration promotes accumulation of AP in the medulla
and spinal cord of gad mice (Ichihara et al., 1995). Consistent with the
lack of spheroid structures in the cortex and hippocampus, we did not
find abnormal accumulation of AP in these brain regions in gad mice
up to 12 weeks of age (immunohistochemical analysis using an
antibody to Ap; data not shown). Furthermore, we examined
nonfibrillar AR by Western blotting. We could not detect any
significant bands in the samples from wild-type and gad mouse
hippocamapi when blotting with anti-Af (Fig. 1L upper panel).
Authentic human AP (the right two lanes, a positive control) blotted
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AP (50 pmol)
AP (180 pmol)

Longer exposure -

UCH-L1 B-actin

F1G. 1. Six-week-old gad mice have normal brain histology. (A-D) H&E staining of coronal brain sections from (A and C) a 6-weck-old wild-type (wt) mouse and
(B and D) a 6-week-old gad mouse. (C and D) A higher magnification of the hippocarnpal CA1 field. ori., stratum oriens; py., pyramidal cell layer; rad., stratum
radiatum. (E-H) Synaptophysin immunchistochemistry in coronal brain sections from a six-weck-old wt mouse (E and G) and a six-weck-old gad mouse (F and H).
(G and H) A higher magnification of the hippocampal CAl field. () Western blotting of samples prepared from the hippocampi of three wt and five gad mice.
Antibodies against AB, B-actin and UCH-L1 were used. Authentic AP was used as a positive control. A short exposure is shown in the upper pancl; a longer exposure
is shown below. Molecular size markers (kDa) are shown on the left. Scale bars, 500 um (A, B, E and F), 20 um (C, D, G and H).

densely on the same membrane. After a longer exposure (Fig. 1I) we
could detect certain bands, but there was no band that was
significantly increased in gad mice compared with wild-type mice.
Blots using antiB-actin and anti-UCH-L1 were carried out to confirm
the sample load and genotype, respectively (Fig. 11).

Lack of UCH-L1 in mice impaired memory maintenance in
the passive avoidance test and exploratory behaviour
for a novel environment

Next, we examined whether lack of UCH-L1 had a detectable impact
on mouse behaviour. For this purpose, we carried out one-trial passive

avoidance tests. Figure 2A shows the performance of wild-type and
gad mice in this test. After habituation to the light—dark box, mice
were conditioned with an electrical footshock when they entered the
dark compartment. We then tested their ability to avoid the dark
compartment 24 h after the conditioning footshock. The footshock
significantly prolonged the light-dark latency in wild-type mice
(comparison of the conditioning and test sessions P = 0.003,
F =146, n = 12; repeated-measures ANOVA). In contrast, the
light-dark latency was not significantly affected in gad mice
(comparison of the conditioning and test sessions using repeated-
measures ANOVA, P = 0.2437, F = 1.556, n = 10), suggesting that
memory function, as assessed by this test, is impaired in gad mice. In
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FiG. 2. Impairment of memory maintenance and exploratory behaviour in gad mice. (A and B) Light-dark latency of mice in a one-trial passive avoidance test.
After habituation to a light-dark box, mice were conditioned with an electrical footshock when they entered the dark compartment (Conditioning). At (A) 24 h or
(B) 2 h after the footshock, the mice were reintroduced into the light—dark box and the time for mice to enter the dark compartment (light—dark latency) was
measured (Test). *P = 0.028; NS, not significant; two-tailed Student’s ¢-test (solid lines). *p < 0.020; NS, not significant, repeated-measures one-way ANOVA
(dotted lines). (C) Pain sensitivity of the mice was measured by applying a series of electrical footshocks. *P = 0.002, two-tailed Student’s t-test
(D) Locomotor activity of wild-type and gad mice in an open field arena. The mice were introduced into the arena for the first time on day 1. *P = 0.023, two-
tailed Student’s t-test. (E) Rearing frequency of wild-type and gad mice in an open field arena. *P = 0.014, **P = 0.021; two-tailed Student’s ¢t-test.

addition, the light-dark latency in the 24-h test session differed
significantly between the wild-type and gad mice (P = 0.028; two-
tailed Student’s -test). We next conducted a test session 2 h after
conditioning to test whether learning ability was impaired in gad mice
shortly after conditioning. In the test 2 h after conditioning (Fig. 2B),
the footshock had a significant effect on the light—dark latency in both
wild-type and gad mice (P = 0.0147, F = 10.356, n = 8 for wild-
type mice; P = 0.0199, F = 8.407, n = 9 for gad mice; repeated-
measures ANOVA). The average latency in the 2-h test session did not
differ significantly between the wild-type and gad mice (P = 0.074;
two-tailed Student’s t-test). These results suggest that gad mice are
able to learn but maintenance of memory is reduced. Because the pain
sensitivity of gad mice was greater than that of wild-type mice
(Fig. 2C; P =0.002 with two-tailed Student’s r-test), the

footshock used for conditioning was indeed an aversive stimulus in
gad mice.

Next, we carried out the open field test. Mice were exposed to an
open field arena for the first time on day 1 (Fig. 2D). The wild-type
mice explored the novel environment and showed high locomotor
activity (Fig. 2D). Locomotor activity was reduced upon re-expo-
sure of wild-type mice to the same arena on days 2 and 3 because
they remembered the arena, and thus the novelty was reduced
(P=0.024, F=12928, n=7; repeated-measures ANOVA). In
contrast, locomotor activity was not significantly decreased in gad
mice (P = 0392, F =1.030, n = 6; repeated-measures ANOVA).
The locomotor activity on day 1 differed significantly between wild-
type and gad mice (P = 0.023; two-tailed Student’s #-test), but the
activity on day 2 or 3 did not (P = 0.500 and 0.446 for days 2 and
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3, respectively). To determine whether the difference in locomotor
activity on day 1 was due to reduced exploratory behaviour in gad
mice, we measured the frequency of rearing, a typical exploratory
behaviour (Lever et al., 2006; Fig. 2E). Similar to locomotor
activity, upon re-exposure rearing frequency decreased in wild-type
mice (P = 0.009, F = 14.257, n = 7; repeated-measures ANOVA)
but not in gad mice (P = 0.131, F = 2503, n = 6; repeated-
measures ANOVA). The rearing frequency on days 1 and 2 differed
significantly between wild-type and gad mice (P = 0.014 and 0.021
for days 1 and 2, respectively; two-tailed Student’s r-test), but the
activity on day 3 did not (P = 0.093). These results suggest that
exploratory behaviour in a novel environment is reduced in gad
mice.

Although these data apparently suggest that memory in passive
avoidance learning and exploratory behaviour are reduced in young
gad mice, there is a possibility that the anxiety state of gad mice is
altered. Alterations in the anxiety state can affect memory (Bouton
et al., 1990) and the response to novel environments. To measure
anxiety, we performed a light-dark box test. In this test, mice usually
avoid the light compartment. Therefore, the level of anxiety can be
measured as the latency to move into the light compartment and the
duration of time in the light compartment (Yamada et al., 2002).
Because the passive avoidance test also utilizes these properties,
performance in the light-dark test is important for interpreting the
results from the passive avoidance test. The time required for the mice
to step into the light compartment when introduced into the dark
compartment (dark-light latency; Fig. 3A), the time the mice spent in
the light compartment (Fig. 3A) and the number of times the mice
crossed between compartments (Fig. 3B) did not differ significantly
between wild-type and gad mice (P = 0.834, 0.417 and 0.109,
respectively; two-tailed Student’s r-test). These results suggest that
anxiety state, as assessed by this test, was not obviously altered in gad
mice. Therefore we concluded that the impairments in passive
avoidance learning and exploratory behaviour were not due to
alterations in the anxiety state.
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F1G. 3. Wild-type and gad mice performed similarly in the light—dark box test.
(A) Dark-light (D-L) latency and duration of time in the light compartment
(L box). (B) Number of crossings between the two compartments.

Impairment of a transcription-dependent component of LTP

in gad mice

We tested whether the lack of UCH-L1 affects neuronal function by
measuring LTP at Schaffer collateral synapses onto CAl pyramidal
neurons in hippocampal slice preparations. LTP is believed to be a
synaptic mechanism underlying memory and learning - (Bliss &
Collingridge, 1993). The CAl synapse was selected because this
brain region is involved in spatial memory (Morris et al., 1982) and
passive avoidance memory (Bevilaqua et al., 1997; Impey et al,
1998). In wild-type slices, TBS induced robust LTP at CAl synapses
(Fig. 4A), as reported for C57BL/6J mice (Nguyen & Kandel, 1997;
Nguyen et al., 2000). In contrast, TBS-induced LTP was attenuated in
gad mice beginning ~ 20 min post-TBS (Fig. 4A). At 45 min post-
TBS, normalized synaptic responses were significantly greater in wild-
type slices (1.87 £0.08, n = 7) than in gad slices (1.36 = 0.07,
n = 6; P = 0.001, two-tailed Student’s r-test). Impairment of LTP in
gad mice depended on the stimulation pattern. Tetanus-induced LTP
was identical in wild-type and gad mice (Fig. 4B; normalized fEPSP
slopes at 45 min post-tetanus: wild-type, 1.81 £ 0.16, n = 5; gad,
1.86 £ 0.25, n = 5).

Stimulus—output curves (Fig. 5A) and paired-pulse facilitation
(Fig. SB) of CAl synapses were essentially identical in wild-type and
gad mice. The latter result suggests that a postsynaptic, rather than
presynaptic, mechanism is involved in impairment of TBS-induced
LTP in gad mice. LTP at this synapse is dependent on postsynaptic
NMDA receptors (Harris ef al., 1984; Larson & Lynch, 1988).
Therefore, we tested whether NMDA receptor activity was reduced in
gad mice using patch-clamp recordings. For this purpose, we recorded
Schaffer collateral-CAl synaptic responses in neurons voltage-
clamped to —70 and +40 mV in the presence of picrotoxin (50 puM).
The amplitude of the synaptic response recorded at +40 mV at 100 ms
poststimulation was normalized to the peak amplitude of the response
at —70 mV to estimate the ratio of NMDA-mediated to non-NMDA-
mediated currents (Fig. 5D). Because superfusion of the slices with
picrotoxin frequently elicited epileptiform activity (data not shown),
three to five synaptic responses without epileptiform activity were
selected and averaged. The ratio was identical in wild-type and gad
mice (0.45 £ 0.05, n = 5 and 0.43 £ 0.05, n = 7 for wild-type and
gad mice, respectively; two-tailed Student’s t-test). Therefore, atten-
uation of synaptic NMDA receptor activity does not account for
reduced LTP in gad mice. Resting membrane potential and input
resistance of CAl pyramidal neurons did not differ substantially
between wild-type and gad mice [resting membrane potential,
—60.1 £ 0.4 mV for wild-type mice (n = 20) and —60.0 = 0.6 mV
for gad mice (n = 20); input resistance, 163 + 9.6 for wild-type mice
(n = 16) and 175 + 10.8 for gad mice (n = 13); results obtained from
the records using potassium-gluconate pipette solution].

CA1l LTP is composed of early and late temporal phases (Nguyen
et al., 1994; Abel et al., 1997; Nguyen & Kandel, 1997). The former is
induced mainly by an increase in the number of AMPA-type glutamate
receptors at the synapse (reviewed in Malinow & Malenka, 2002)
whereas the latter is induced by new protein synthesis from
transcription of new mRNA (Nguyen et al, 1994) and/or local
protein synthesis from previously expressed mRNA (Bradshaw et al.,
2003). Because no obvious changes in the early phase of LTP (up to
~ 20 min post-TBS) were observed in gad mice, we tested whether
the late phase is occluded in gad mice. For this purpose, we applied
actinomycin D, a transcription inhibitor, to the slices and compared
suppression of TBS-induced LTP in wild-type and gad mice. In
wild-type mice, the maintenance of TBS-induced LTP was suppressed
by actinomycin D (Fig. 6A). The normalized fEPSP slope at 45 min
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traces are shown above. Traces were recorded (a) just before TBS, (b)
immediately after TBS and (c) 45 min after TBS. (B) Tetanus-induced LTP
was identical in wild-type and gad mice.

post-TBS was 1.43 £ 0.07 (n = 5) in the presence of actinomycin D,
and this value differed significantly from that in wild-type hippocam-
pal slices without actinomycin D (1.87 + 0.08, P = 0.003; two-tailed

Student’s t-test). This result agrees with a previous report (Nguyen &

Kandel, 1997). In contrast, TBS-induced LTP in gad mice was
insensitive to actinomycin D (Fig. 6B). The normalized fEPSP slope
at 45 min post-TBS was 1.36 £ 0.04 (n = 5) in the presence of
actinomycin D and did not differ significantly from the value in gad
hippocampal slices without actinomycin D (1.36 £ 0.07, P = 0.948;
two-tailed Student’s r-test). These results suggest that a transcription-
dependent component of LTP is impaired in gad mice. In both
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F1G. 5. Stimulus—output curves, paired-pulse facilitation and NMDA recep-
tor-mediated currents were similar in wild-type and gad mice. (A) The rela-
tion between stimulus intensity and the slope of the fEPSP was identical in
wild-type and gad mice. For each slice, fEPSP slopes elicited by six different
stimulus intensities (1-6 V; sample traces in the right panel) were normalized to
the value obtained using 6-V stimulation, and then normalized values were
averaged. (B) Paired-pulse facilitation of fEPSPs did not differ substantially
between wild-type and gad mice. (C) The ratio of NMDA receptor-mediated
currents to non-NMDA receptor-mediated currents was identical in wild-type
and gad mice. Patch-clamp recordings from neurons voltage-clamped to —70
and +40 mV. The arrowhead indicates the peak of the non-NMDA receptor-
mediated current, and the amrow indicates 100 ms poststimulation for the
NMDA receptor-mediated current; current amplitudes at these points were used
for the ratio.

wild-type and gad mice, actinomycin D did not affect the baseline
fEPSP slope (without TBS) up to 80 min postapplication (Fig. 6C
and D).

CREB phosphorylation was altered in gad mice

Late-phase LTP in the hippocampal CAl field requires transcription
elicited by phosphorylation of serine 133 on cAMP response element
binding protein (CREB; Nguyen et al., 1994). In addition, Aplysia
UCH is involved in persistent activation of PKA during long-term
synaptic facilitation (Hedge et al., 1997). From these reports and our
experiments using actinomycin D above, we suspected that phosphor-
ylated CREB (pCREB)-induced transcription is disrupted in gad mice.
To address this, we analysed pCREB in the CAl field of slices used
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F1G. 6. Transcription-dependent LTP was impaired in gad mice. (A and B)
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TBS, Act D had no effect on the normalized fEPSP slope in either (C) wild-

type or (D) gad mice.

for electrophysiological recording by Western blotting (Fig. 7A). In
wild-type mice, pCREB levels at 15 min post-TBS did not differ from
pre-TBS levels, but at 45 min post-TBS levels were increased relative
to pre-TBS levels. The onset of CREB phosphorylation (45 min
postconditioning) is in agreement with a previous report (Ahmed &
Frey, 2005). In gad mice, however, pCREB levels were increased at
15 min post-TBS but not maintained at 45 min post-TBS (Fig. 7A).
Unphosphorylated CREB levels were similar among samples
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F1G. 7. CREB phosphorylation was altered in gad mice. (A) Western blot-
ting of samples prepared from hippocampal slices recovered pre-TBS (0),
15 min post-TBS (15) or 45 min post-TBS (45). Primary antibodies are
indicated to the left of the blots. Similar results were obtained at each time point
in six slices from wild-type mice and five slices from gad mice. (B) The nor-
malized band density of pCREB to CREB at time 0 (pre-TBS), 15 min and
45 min post-TBS in wild-type (n = 5) and gad (n = 4) mice. *P = 0.012 and
**P = 0.014, Bonferroni~Dunn test. -

(Fig. 7A). Similar results were obtained in slices from five wild-type
and four gad mice. In each set of slices, the band density of pPCREB
was normalized to that of CREB and the values were averaged
(Fig. 7B). In wild-type mice (Fig. 7B), the normalized pCREB levels
at 15 min post-TBS did not differ significantly from pre-TBS levels
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(P = 0.656; Bonferroni-Dunn test) but at 45 min post-TBS pCREB
levels were significantly higher than pre-TBS levels (P = 0.012). In
gad mice (Fig. 7B), pCREB levels were significantly higher at 15 min
post-TBS (P = 0.014), but at 45 min post-TBS pCREB levels were
not significantly different from pre-TBS levels (P = 0.393). These
results suggest that the onset and persistence of CREB phosphory-
lation are altered in gad mice.

In Aplysia, serotonin stimulation that induces synaptic plasticity
increases expression of UCH by about five-fold. The increased UCH
expression stimulates proteasomal degradation of the PKA regulatory
subunit N4, thereby inducing persistent PKA activity (Hedge et al,,
1997). To determine whether this process also exists in mice, we
analysed UCH-L1 and PKA regulatory subunits [« and [« in the CAl
field of hippocampal slices by Western blotting. As Fig. 7A shows, the
level of UCH-L1 was not obviously affected by TBS at either 15 or
45 min post-TBS in wild-type mice. For quantitative analysis, the
band density of UCH-L1 was normalized to that of B-actin and the
normalized value was then further normalized to pre-TBS values. At
15 and 45 min post-TBS, the normalized values were 1.00 + 0.24
(n = 5) and 1.06 + 0.21 (n = 5), respectively, confiming that UCH-
L1 levels were unchanged. Similarly, TBS-induced changes in the
levels of PKA regulatory subunit Ia and IIa were also not apparent in
either type of mouse (Fig. 7A). For example, the relative band-density
of PKA Ilo normalized to -actin was 1.03 + 0.14 (15 min post-TBS)
and 1.06 = 0.12 (45 min post-TBS) for wild-type mice (n = 5). In
gad mice (n = 4), values were 1.02 £ 0.20 (15 min post-TBS) and
1.01 £ 0.25 (45 min post-TBS). For pre-TBS, the relative band-
density of PKA Ila normalized to f-actin also did not differ between
wild-type and gad mice [the normalized value for gad mice/the
normalized value for wild-type mice was 0.96 + 0.10 (n = 4)].

Discussion

In this study, we demonstrated that UCH-L1 is required for (i)
maintenance of memory-in a passive avoidance test and exploratory
behaviour in a novel environment, and (ii) a transcription-dependent
component of TBS-induced LTP in area CAl of the hippocampus.
UCH-L1 may be essential in transcription-dependent TBS-LTP
because it maintains the integrity of TBS-induced CREB phosphor-
ylation. No outstanding forebrain atrophy or aberrant structures were
evident in 6-week-old gad mice at the level of the light microscope.
Thus, the functional abnormalities caused by the lack of UCH-L1
occurred in the absence of any detectable gross structural abnormal-
ities in the brain. However, abnormalities in neuron morphology,
such as spine morphology or density, remain a possibility in gad
mice.

Several studies suggest that synaptic and memory abnormalities
precede neuronal cell death in AD (Yao ef al., 2003) and in AD model
mice (Chapman et al., 1999; Freir et al., 2001; Snyder et al., 2005;
Shemer et al., 2006), which supports the hypothesis that synapses may
be an initial target in AD (Small er al., 2001; Selkoe, 2002). AP is
thought to be one of the major players that disrupt synaptic function
(reviewed in Selkoe, 2002). Because we have shown here that UCH-
L1 is essential for memory maintenance, exploratory behaviour and a
particular form of hippocampal LTP, it is possible that the AD-
associated reduction in UCH-L1 (Choi et al., 2004) further exacer-
bates the synaptic and memory deficits induced by AB accumulation.
In addition, glutamate-induced CREB phosphorylation is decreased by
AP treatment of cultured hippocampal neurons (Vitolo et al., 2002).
Thus, accumulation of AP and reduction of UCH-L1 may act
cooperatively to disrupt CREB phosphorylation. The recent finding
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that introduction of exogenous UCH-L1 into AD model mice rescues
synaptic and memory deficits supports this possibility (Gong et al.,
2006).

It should be noted that memory deficits are already evident in young
gad mice (6 weeks of age). Analysis of AD model mice has shown
that the onset of the behavioural phenotype is generally much slower.
For example, deficits in visible platform recognition become evident
by 9 months of age, and deficits in sensorimotor tasks are clearly
manifest by 14 months in the Tg2579 transgenic AD model mice
(King & Arendash, 2002). Impairments in. passive avoidance and
small-pool performance are marked only at 18 and 25 months of age
in the APP23 transgenic AD model mice (Kelly et al., 2003). It has not
been reported whether UCH-L1 is down-regulated in these model
mice. In the APP/PS1 mouse model of AD, on the other hand,
relatively young (3- to 4-month-old) mice have impaired contextual
leaming (Trinchese et al., 2004; Gong et al., 2006), and reduced
hippocampal UCH activity is evident at 4-6 months of age (Gong
et al., 2006). Whether the onset of the reduction in the hydrolase
activity is synchronous with the onset of impaired contextual learning
in the APP/PS1 mouse is unknown. This information is necessary to
further verify the involvement of UCH-L1 in memory deficits
associated with AD and in AD medel mice.

Impairment of memory in gad mice was associated with impaired
transcription-dependent LTP in the hippocampus. Because LTP is a
well-known cellular mechanism of memory (reviewed in Bliss &
Collingridge, 1993), it is reasonable to speculate that impaired LTP is
one of the mechanisms underlying the memory deficits in gad mice.
Our results provide a possible mechanistic link between the lack of
UCH-L1 and impaired LTP: alteration of CREB phosphorylation.
Proper timing and persistence of CREB phosphorylation are essential
for the gene expression required to maintain LTP in area CAl of the
hippocampus (Impey et al., 1996). After conditioning in the passive
avoidance test, cAMP response element-mediated transcription is
induced in hippocampal area CAl (Impey et al., 1998). Thus, the
alteration of CREB phosphorylation and subsequent failure to
maintain LTP might be responsible for reduced performance of gad
mice in the passive avoidance test. However, LTP at hippocampal
CAl synapses is dependent on NMDA receptors (Harris et al., 1984;
Larson & Lynch, 1988). Phosphorylation of CREB is also NMDA
receptor-dependent (Ahmed & Frey, 2005). This type of LTP occurs in
various brain regions (reviewed in Martin et al., 2000), and UCH-L1
is expressed in almost all brain regions. Therefore, impaired LTP in
other brain regions may also be involved in the poor performance of
gad mice in the passive avoidance test and other behavioural tests.
Postsynaptically, the ubiquitin—proteasome system is involved in
activity-dependent changes in postsynaptic protein composition and
signalling (Ehlers, 2003; reviewed in Yi & Ehlers, 2007). UCH-L! has
in vitro enzymatic activity that exposes the free C-terminus of
ubiquitin, which is required for protein ubiquitination (Larsen et al.,
1998), and monoubiquitin levels are decreased in gad mouse brain
(Osaka et al., 2003).

In conclusion, we report that UCH-L1 is required for the
maintenance of memory in passive avoidance leamning, exploratory
behaviour and hippocampal CA1 LTP in mice. We propose that UCH-
L1-mediated maintenance of the temporal integrity and persistence of
CREB phosphorylation is required for CA1 LTP.
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Parkinson’s disease (PD) is a neurodegenerative disorder characterized by loss of dopaminergic neurons.
The 193M mutation in ubiquitin C-terminal hydrolase L1 (UCH-L1) is associated with familial PD, and we
have previously shown that the 193M UCH-L1-transgenic mice exhibit dopaminergic cell loss. Over 80% of
neurodegenerative diseases, including PD, occur sporadically. However, the molecular mechanisms under-
lying sporadic PD as well as PD associated with 193M UCH-L1 are largely unknown. UCH-L1 is abundant
(1-5% of total soluble protein) in the brain and is a major target of oxidative/carbonyl damage associated
with sporadic PD. As well, abnormal microtubule dynamics and tubulin polymerization are associated with
several neurodegenerative diseases including frontotemporal dementia and parkinsonism linked to chromo-
some 17, Here we show that familial PD-associated mutant UCH-L1 and carbonyl-modified UCH-L1 display
shared aberrant properties: compared with wild-type UCH-L1, they exhibit increased insolubility and elevated
interactions with multiple proteins, which are characteristics of several neurodegenerative diseases-linked
mutants. Circular dichroism analyses suggest similar structural changes in both UCH-L1 variants. We further
report that one of the proteins interacting with UCH-L1 is tubulin, and that aberrant interaction of mutant or
carbonyl-modified UCH-L1 with tubulin modulates tubulin polymerization. These findings may underlie the
toxic gain of function by mutant UCH-L1 in familial PD. Our results also suggest that the carbonyl modifi-
cation of UCH-L1 and subsequent abnormal interactions of carbonyl-modified UCH-L1 with mulitiple proteins,
including tubulin, constitute one of the causes of sporadic PD.

mice exhibited progressive dopaminergic cell loss in the sub-
stantia nigra (2), suggesting that the 193M mutation in
UCH-LI1 is a causative mutation for PD. The S18Y polymorph-
ism in UCH-L1 has been reported to be associated with

INTRODUCTION

Parkinson’s disease (PD) is the most common neurodegenera-
tive movement disorder and is characterized by progressive

cell loss confined mostly to dopaminergic neurons in the sub-
stantia nigra pars compacta. The [93M mutation in ubiquitin C-
terminal hydrolase L1 (UCH-L1) was reported in a German
family with dominantly inherited PD (1). To assess the corre-
lation of the I93M mutation and Eathogenems of PD, we have
previously generated UCH- L1™*M_transgenic mice. These

decreased risk of PD (3). However, it has also been reported
that S18Y is not associated with risk of PD (4).

UCH-L1 is abundant (1-5% of total soluble protein) in the
brain (5) and is thought to hydrolyse polymeric ubiquitin and
ubiquitin conjugates to monoubiquitin (6). UCH-L1 has also
been reported to act as a ubiquitin ligase in vitro (7). In
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addition to these enzymatic activities, we have found that
UCH-LI binds to and stabilizes monoubiquitin in neurons
(8). Our previous studies using circular dichroism (CD) and
small-angle neutron scattering strongly suggested that the
I93M mutation in UCH-L1 alters the conformation of
UCH-L1 (9,10). We have previously shown that mice deficient
in UCH-L1 do not exhibit prog&essive dopaminergic cell loss,
in contrast to UCH-L1®M.transgenic mice (2,8,11),
suggesting that a loss or decrease in the level of UCH-LI is
not the main cause of PD, and that UCH-L1"*M._associated
PD is caused by an acquired toxicity. Thus, although the
hydrolase activity of UCH-L1"™M is decreased (1,9), this
decreased activity may not be a major cause of PD. -

Increased oxidative stress is associated with neurodegenera-
tive diseases (12,13). In sporadic PD brains, UCH-LI is a
major target of carbonyl formation (12), which is the most
widely used marker for oxidative damage to proteins.
UCH-L1 has also been identified as a component of several
inclusion bodies characteristic of neurodegenerative diseases,
including Lewy bodies (14). These findings suggest that
UCH-L1 and its modification by carbonyl formation are
involved in the cause of sporadic PD. Despite the fact that
the majority of PD cases occur sporadically, the molecular
mechanisms underlying the causes of sporadic PD, as well
as UCH-L1"*M.associated PD, are largely unknown. More-
over, the biochemical properties of UCH-L1**™ and carbonyl-
modified UCH-L1 in mammalian cells, such as their protein
interactions or detergent insolubility (i.e. the amount of a
protein in the insoluble fraction), are poorly understood.

In this study, we analyzed the molecular properties of
carbonyl-modified UCH-L1 and UCH-L1"*M and elucidated
novel properties of UCH-L1 variants, including protein inter-
actions. We show that carbonyl-modified UCH-L1 and
UCH-L1"*M share common properties. Our findings provide
novel insights into understanding the mechanisms underlying
the toxic gain of function by mutant UCH-LI and suggest
that oxidative stress and subsequent protein interactions of
carbonyl-modified UCH-L1 constitute one of the causes of
sporadic PD. We also discuss the possible involvement of oxi-
dative modifications of UCH-L! in other neurodegenerative
diseases.

1

RESULTS

Disease-associated mutants including UCH-L1'**™ display
aberrant insolubility

Aberrantly increased insolubility compared with wild-type
protein is a common biochemical feature of several mutant
proteins associated with neurodegenerative diseases: for
example, mutant a-synuclein associated with familial PD
(15), mutant SOD1 associated with familial amyotrophic
lateral sclerosis (ALS) (16,17) and mutant tau associated
with frontotemporal dementia and parkinsonism linked to
chromosome 17 (18). Although we have previously shown
that the insolubility of UCH-L1 in the UCH-L1"**™-transgenic
mouse brain is increased compared with that in wild-type
mouse (2), the insolubility of UCH-L1™ itself has been
unclear. We observed that pathogenic a-synuclein and
SOD1 mutant proteins exhibit increased detergent insolubility

in mammalian cells compared with wild-rﬁ)e proteins
(Fig. 1A and B). The insolubility of UCH-L1"*™ was exam-
ined under the same experimental conditions, in which the
causative mutants are distinguishable from wild-type proteins.
We found that, in dopaminergic SH-SY5Y cells, the protein
level of UCH-L1"®*™ in the insoluble fraction was markedbf
higher than the levels of UCH-L1¥T, UCH-L13'%Y,
UCH-L1P%% which lacks hydrolase activity and binding affi-
nity for ubiquitin (8), and UCH-L1%°%, which lacks hydrolase
activity but maintains binding affinity for ubiquitin (8)
(Fig. 1C). There was no notable difference among the
soluble protein levels (Fig. 1C). The formation of high mol-
ecular weight aggregates, which is also a common feature of
several mutants, was observed almost exclusively in the inso-
luble fraction with UCH-L1"*M (Fig. 1C), consistent with the
report that UCH-L1"*™ produced more aggresomes than
UCH-L1WT (19). Increased insolubility of UCH-L1®*™ and
UCH-L15"#Y3M and an increase in the amounts of aggre-
gates specific for these proteins were observed in COS-7
cells (Fig. 1D; Supplementary Material, Fig. S1A), which
express very low levels of endogenous UCH-L1. These
results demonstrate that UCH-L1"*M shares common features
with several mutant proteins linked to neurodegenerative dis-
eases, thus, further supporting the idea that the 193M mutation
in UCH-L1 is a causative mutation for PD. Our results also
suggest that the insolubility of UCH-L1 is independent of
monoubiquitin-binding.

UCH-L1®*™ abnormally interacts with multiple
proteins

Although increased insolubility is'a common characteristic of
several mutant proteins associated with neurodegenerative dis-
eases, and this may play a role in the neurotoxicity of the
mutant. proteins, accumulating evidence suggests that a
soluble mutant is the main cause of neurodegeneration
(20,21). Studies of dominantly inherited neurodegenerative
disease-linked mutants strongly suggest that abnormal phys-
ical interactions of the mutant proteins with other proteins
constitute a cause of disease (22-26). Hence, we next exam-
ined the effect of the 193M mutation on the protein inter-
actions of soluble UCH-L1 using a co-immunoprecipitation
(coIP) assay. Silver staining of immunoprecipitant revealed
that UCH-L1"T interacts with multiple proteins over 30 kDa
(Fig. 1E). We found that the amount of each protein interact-
ing with UCH-L1"*™ is mostly higher than the amount inter-
acting with UCH-L1"T or other UCH-L1 variants (Fig. 1F;
Supplementary Material, Fig. S1B). Monoubiquitin binding
of UCH-L1"*M was decreased compared with that of
UCH-L1VT (Fig. IGQ, consistent with the decreased hydrolase
activity of UCH-L1"°M (1,9). However, the cellular monoubi-
quitin level in cells expressing UCH-L1"*™ was not changed
compared with that in cells expressing UCH-L1%7T (Fig. 1G).
Since UCH-L1"*M-associated PD is presumably caused by an
acquired toxicity, the toxic function of UCH-L1"*™ may not
be mainly mediated by a decreased interaction with monoubi-
quitin, but rather by aberrantly elevated interactions with mul-
tiple other proteins.
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Figure 1. Aberrant biochemical properties of mutant 193M UCH-L1. [(A)—(D)] SH-SY5Y (A) and (C), Neuro2a (B) and COS-7 cells (D) were transfected with
the indicated constructs. Forty-eight hours after transfection, soluble and insoluble fractions were prepared and analyzed by immunoblotting. [(E)~(G)] COS-7
cells were transfected with the indicated constructs. Cell lysates were immunoprecipitated using anti-FLAG antibody and analyzed by silver staining [(E) and
(F)] or by immunoblotting (G). In the presence of FLAG-tagged UCH-L1, UCH-L1-interacting proteins were co-immunoprecipitated with UCH-L1 [(E), lane 2],
whereas in the absence of FLAG-tagged UCH-L1, proteins were non-specifically precipitated with anti-FLAG beads [(E), lane 1]. Mono ub, monoubiquitin (G).

Carbonyl-modified UCH-L1 exhibits aberrant properties
common to UCH-L1"*™

In the brains of sporadic PD patients, UCH-L! is a major
target of carbonyl formation (12). Carbonyl groups can be
introduced into proteins in vivo mainly by reactions with 2-
alkenals, 4-hydroxy-2-alkenals (HAE) or ketoaldehydes,
which are endogenous aldehydic products formed by lipid
peroxidation or glycooxidation (27,28). Protein carbonyls
can also be produced by metal-catalyzed reactions with
H,0, in vitro (28,29). To analyze the biochemical properties
of carbonyl-modified UCH-L1, we used several carbonyl com-
pounds or H,O, to modify UCH-L1. We have previously

reported that UCH-LI is modified by 4-hydroxy-2-nonenal
(HNE) in vitro (9). In COS-7 cells transfected with
UCH-L1%T, UCH-L1 was modified by physiological concen-
trations of HNE (10-100 um) (9) or 4-hydroxy-2-hexenal
(HHE) in a dose-dependent manner (Fig. 2A and B; Sup-
plementary Material, Fig. S1C). Carbonyl modification of
UCH-L1 was also detected when cells were treated with
100 pm 2-propenal (Fig. 2A), but not with 100 or 500 um
methylglyoxal, 100 or 500 uM malondialdehyde, both of
which are ketoaldehydes, or 0.1 or 1 mM H,0, (data not
shown). Thus, carbonyl-modified UCH-L! can be produced
by reactions with HAE or 2-alkenals in mammalian cells.
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Figure 2. Abnormal biochemical properties of carbonyl-modified UCH-L1. (A) COS-7 cells transfected with FLAG-tagged UCH-L1¥T were treated with or
without the indicated concentrations of carbonyl compounds for 90 min, and immunoprecipitation was performed using anti-FLAG antibody. To detect carbonyl-
modified UCH-L1, immunoprecipitants were derivatized with DNPH and immunoblotted using anti-DNP or anti-UCH-LI aatibodies. [(B), (E), (H) and (I)]
COS-7 cells transfected with FLAG-tagged UCH-L1™T were treated with the indicated concentrations of HNE [(B) and (E)], HHE (H) or 2-propenal (I) for
90 min, and immunoprecipitation was performed using anti-FLAG antibody. Immunoprecipitants were analyzed by immunoblotting or by silver staining.
[(C), (F) and (G)] COS-7 cells transfected with FLAG-tagged UCH-L1%" were treated with the indicated concentrations of HNE (C), HHE (F) or 2-propenal
(G). Soluble and insoluble fractions were analyzed by immunoblotting. (D) COS-7 cells transfected with the indicated constructs were treated with or
without HNE, and insoluble fractions were prepared. Immunoblotting shows that the insoluble UCH-L1 that is accumulated upon HNE treatment is modified

by HNE.

Interestingly, carbonyl-modified UCH-L1 and UCH-L1"*
exhibit common biochemical properties: ubiquitin binding of
HNE-modified UCH-L! was decreased (Fig. 2B), and both
the insolubility of HNE-modified UCH-L1 and the interactions
of HNE-modified UCH-L1 with proteins over 30 kDa were
increased, compared with those of UCH-L1YT (Fig. 2C—E).
HHE and 2-propenal had similar effects to HNE (Fig. 2F-I).
Treatment of cells with 100 um H,0,, methylglyoxal or

malondiaidehyde had no effect on the insolubility of
UCH-L1 or the interactions of UCH-L1 with other proteins
(data not shown). Consistent with the report that UCH-L1 is
a major target of carbonyl formation in the brains of sporadic
PD patients (12), UCH-L1 is a major target of carbony! modi-
fication in cells treated with HNE (Fig. 3A). We used the EF1
promoter to yield abundant expression of UCH-LI in this
experiment, since the amount of UCH-L1 is 1-5% of



E 210 4
‘s‘:(?o‘
i
-1 % W0 4 r
200 20 40
Wanglongth ()

Figure 3. Susceptibility of UCH-L1 to HNE modification and structural prop-
erties of UCH-L1 variants. (A) COS-7 cells transfected with the indicated con-
structs were treated with or without 100 umM HNE and analyzed by
immunoblotting and CBB staining. (B) COS-7 celis transfected with the indi-
cated constructs were treated with 100 umM of HNE, and immunoprecipitation
was performed using anti-FLAG antibody. Immunoprecipitants were analyzed
by immunoblotting. [(C) and (D)] Structural model for human UCH-L1.
Cys-90, Cys-152 and Cys-220 sidechains are shown in magenta, and back-
bones are shown in blue (C), using Cn3D software (version 4.1) and
NCBI’s structural model (mmdblId:38174). Cys-132 and Cys-152 sidechains
are shown in magenta, and backbones are shown in blue (D). (E) CD
spectra (mean residue ellipticity) for recombinant human UCH-L1 proteins.
Wild-type UCH-L1 is shown in red and HNE-modified UCH-L1 in blue.
(F) HNE modification of the recombinant UCH-L1 used in (E) was analyzed
by immunoblotting. Modification of UCH-L1 by HNE was detected.

soluble protein in the brain (5). These results suggest that the
carbonyl-modified UCH-L1 in sporadic PD brains functions as
a causative factor for disease in a similar manner to
UCH-L1®M™,

Human Molecular Genetics, 2008, Vol. 17, No. ? 5

Cys-90 and Cys-152 of UCH-L1 are targets for HAE
modification

The appearance of HNE-modified proteins in nigral neurons
has been shown to be associated with sporadic PD (30,31).
Therefore, we next determined the HNE-modified amino
acid residues of UCH-L1 that regulate its insolubility and
protein interactions. HNE can form covalent cross-links with
cysteine, lysine and histidine residues in proteins (28). To
test the specificity of HNE modification in mammalian cells,
we used cells transfected with a-synuclein, which contains
no cysteine residues. HNE modification of a-synuclein was
not detected when cells were treated with 100 pm HNE
(Fig. 3B). These results suggest that among the amino acid
residues of UCH-L1, cysteine residues are the primary target
for HAE. We speculated that Cys-90 is accessible to HAE,
since it is a ubiquitin-binding residue. Using the three-
dimensional structure of human UCH-L1 (32), we observed
that not only Cys-90 but also Cys-132 and Cys-152 are
located on the surface of the protein (Fig. 3C and D). Thus,
we tested the insolubility and protein interactions using
C90S, C132S and C152S UCH-L1 mutant proteins. We also
used C220S UCH-L1 as a control. We found that the C152S
mutant bound to monoubiquitin in both HNE-treated cells
and untreated cells (Fig. 4A). UCH-L1%°% did not exhibit
notably increased insolubility upon HNE-treatment compared
with UCH-L1%T (1.3-fold increase in UCH-L1°®%, 2.5-fold
increase in UCH-L1™T) (Fig. 4B). The amount of proteins
over 30kDa interacting with UCH-L1°°*S was markedly
lower than that interacting with UCH-L1%T when cells were
treated with HNE (Fig. 4C). Similar results were obtained
when cells were treated with HHE (Fig. 4E and F; Supplemen-
tary Material, Fig. S1D). Mutations at Cys-132 and Cys-220
had no effect on protein insolubility or interactions
(Fig. 4A—C). Consistent with these results, HNE modification
of C90S and C152S mutants was decreased compared with
that of UCH-L1WT when cells were treated with HNE (~40
and 60% decrease, respectively) (Fig. 4D). These results indi-
cate that HAE modification of UCH-L1 at Cys-90 increases
the insolubility and interactions of UCH-L1, and modification
of Cys-152 reduces monoubiquitin binding. The level of HNE
modification of UCH-L1*™ upon HNE-treatment was mark-
edly lower than that of UCH-L1¥T (Fig. 4G). Since the
location of Cys-90 is close to Ile-93 (Supplementary Material,
Fig. S2), it is possible that the [93M mutation and HAE modi-
fication at Cys-90 cause similar structural changes in UCH-LI.

HNE modification causes structural changes in UCH-L1

To address the structural changes in carbonyl-modified
UCH-L1, we used CD spectroscopy to estimate the secondary
structure. We have previously shown that, compared with
UCH-L1YT, the 193M mutant displays lower ellipticity
around 195 nm, suggesting a decreased a-helix content, and
an increase in the content of B-sheet (9,10). Relative to wild-
type protein, HNE-modified UCH-L1 also displayed a lower
peak around 190-195 nm (Fig. 3E and F). The relative pro-
portions of a-helix, B-sheet and other secondary structural fea-
tures in these proteins were estimated from mean residue
ellipticity data. HNE-modified UCH-L1 also exhibited
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Figure 4. Cysteine residues of UCH-L1 modified by HAE. [(A), (C), (D), (F) and (G)) COS-7 cells transfected with the indicated constructs were treated with or
without 100 um HNE or HHE. Immunoprecipitation was performed using anti-FLAG antibody, and immunoprecipitants were analyzed by immunoblotting or by
silver staining. [(B) and (E)] COS-7 cells transfected with the indicated constructs were treated with or without 100 pM HNE or HHE. Soluble and insoluble

fractions were analyzed by immunoblotting.

decreased a-helix content, and an increase in the content of
B-sheet compared with UCH-L1%T (42.9% a-helix, 20.9%
B-sheet, 20.6% B-turn and 15.7% random for UCH-L1W7,
and 34.0% a-helix, 27.3% B-sheet, 22.3% B-turn and 16.4%
random for HNE-modified UCH-L1). These results suggest
that UCH-L1™*M and carbonyl-modified UCH-L1 adopt a
similar aberrant structure.

The ALS-linked mutation in SOD1 increases its hydropho-
bicity, which may promote aberrant interactions of SOD1
with other cellular constituents (33). However, the inter-

actions of UCH-L1®™ or HNE-modified UCH-L1 with
hydrophobic beads were not altered relative to those of
UCH-L1¥T (data not shown), indicating that the I93M
mutation and HNE modification of UCH-L1 do not increase
its hydrophobicity. Considering the fact that unnatural
B-sheet proteins readily become insoluble or form further
B-hydrogen-bonding with other B-strands they encounter
(34), our results suggest that the increased insolubility and
protein interactions of abnormal UCH-LI are due to the
increased B-sheet content of UCH-L1.



UCH-L1 physically interacts with tubulin

To understand the molecular mechanism underlying toxic gain
of function by UCH-L1, we attempted to identify
UCH-L1®*™.interacting proteins by coIP assay and sub-
sequent LC-MS/MS analysis (Fig. SA). A database search of
the peptide sequences obtained identified a-tubulin as a
UCH-L1"**M.interacting protein (Supplementary Material,
Table S1). The interaction between UCH-L1 and endogenous
a-tubulin was confirmed with transiently expressed UCH-L1
(Fig. 5B and C). The interaction of UCH-L1™M with
a-tubulin was increased compared with that of UCH-L1™7"
(Fig. 5B). We detected the interaction of endogenous
a-tubulin with endogenous UCH-L1 using Neuro2a cells
(Fig. 5D). Tubulin is composed of a heterodimer of a- and
B-tubulin, and we confirmed, using native-PAGE, that
tubulin exists as a heterodimer in cell lysates in colP exper-
imental conditions (data not shown), indicating that UCH-L1
interacts with tubulin. Indeed, B-tubulin was also precipitated
with UCH-L1 (Supplementary Material, Fig. S3). In contrast
to tubulin, interaction of B-actin with UCH-L1 was not
detected (Fig. 5C). To test whether UCH-L1 directly interacts
with tubulin, we performed pull-down assay using recombi-
nant UCH-L1 and purified tubulin. Direct interaction of
UCH-L1 with tubulin was observed (Fig. 5E).

Since the interactions between UCH-L1 and proteins over
30kDa are increased by carbony! modification or 193M
mutation of UCH-L1, we tested the effects of HAE on the
interaction of UCH-L1 with tubulin. We found that HAE
modification of UCH-L! promotes interactions between
UCH-L1 and tubulin (Fig. 5F, G and I). In addition, a colP
assay using C90S, C132S and C152S UCH-L1 mutants
showed less binding of UCH-L1°®® to tubulin than
UCH-L1Y7" did, when cells were treated with HNE or HHE
(Fig. 5G-I), indicating that the increased interaction of
UCH-L1 with tubulin is caused by the HAE modification of
Cys-90 of UCH-L1. These results are consistent with the
results showing that the HAE modification of Cys-90 of
UCH-L1 promotes the interaction of UCH-L1 with multiple
proteins. The I93M mutation and HNE modification of
UCH-L1 also promote direct interactions between UCH-L1
and tubulin (data not shown). Thus, UCH-L1™*M and
HNE-UCH-L1 also exhibit common biochemical properties
with respect to the interactions with tubulin.

Both UCH-L1®™ and carbonyl-modified UCH-L1
aberrantly promote tubulin polymerization

Microtubules are dynamic polymers composed of tubulin that
continuously grow and shorten through tubulin addition and
loss at the microtubule ends. Microtubule-stabilizing agents
such as paclitaxel, which promote tubulin polymerization
and suppress microtubule dynamics, are effective chemother-
apeutic agents for the treatment of many cancers. However,
neuropathy is a major adverse effect of microtubule-stabilizing
agents-based chemotherapy (35). Paclitaxel induces apoptosis
in cortical neurons by a mechanism independent of its cell
cycle effects, because postnatal cortical neurons are postmito-
tic (36). These findings indicate that tubulin polymerization
must be tightly regulated for neurons to function and remain
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viable. Furthermore, abnormal microtubule dynamics and
tubulin polymerization are associated with several neurode-
generative diseases including frontotemporal dementia and
parkinsonism linked to chromosome 17 (37,38). Therefore,
we examined the effects of UCH-L1¥T, UCH-L1™™ and
HNE-UCH-L1 on tubulin polymerization using an in vitro
assay. Interestingly, both UCH-L1"*™ and HNE-UCH-LI
promote tubulin polymerization, although UCH-L1%T had
almost no effect on it (Fig. 6A and B). Promotion of tubulin
polymerization may result in a stabilization of microtubules
because of the dynamic instability of microtubules. To test
whether abnormal UCH-L1 also promotes tubulin polymeriz-
ation in mammalian cells, we analyzed the amounts of
soluble, g%llymen'c and total tubulin in cells expressiné
UCH-L1™M. Although transient expression of UCH-L1™
had no effect on the amount of total tubulin (Fig. 5B), cells
stably expressing UCH-L1"*™ contained increased amount
of total tubulin compared with control cells or cells expressing
other UCH-L1 variants (Fig. 6C). Consistent with the in vitro
polymerization assay, the amount of polymeric tubulin was
increased in cells expressing UCH-L1'*™, whereas the
amount of soluble tubulin was not (~1.4 and 1.0-fold increase,
respectively, compared with the amount of tubulin in cells
expressing UCH-L1¥T) (Fig. 6D). The amount of B-actin
was not affected by the expression of UCH-L1 variants
(Fig. 6C and D), also consistent with the results showing
that UCH-L1 does not interact with B-actin. We did not
detect specific interaction of UCH-L1 with polymerized
tubulin (Fig. 6E), indicating that UCH-L1 may not interact
with microtubules, although the possibility is not excluded
that they can interact under certain conditions or at a limited
number of sites such as the microtubule ends.

Since D30K and C90S mutations had no effect on the inter-
action of UCH-L1 and tubulin (Fig. 5B), we speculated that
the tubulin-binding region of UCH-L1 is different from
ubiquitin-binding region. To elucidate the amino acid residues
of UCH-L1 involved in the interaction with tubulin and to
show that modulation of tubulin polymerization is caused by
the increased interaction of UCH-L1 with tubulin, we made
a series of alanine substitutions of basic and acidic residues
located on the surface of UCH-L1 and performed coIP
assays using these mutants (Fig. 7A; Supplementary Material,
Fig. $3). The R63A and H185A mutants displayed increased
interactions with tubulin (Fig. 7A), indicating that Arg-63
and His-185, which are distinct from the ubiquitin-binding
region (Fig. 7B), are involved in this interaction. The
increased interactions of R63A and H185A UCH-L1 with
tubulin may be caused by altered ionic interactions. In contrast
to the I93M mutant or HNE-UCH-L1, the R63A mutant
caused a decrease in tubulin polymerization (Fig. 7C).
Although UCH-L1%%** has opposite effects to the 193M
mutant or HNE-UCH-L1, it also modulated tubulin polymeriz-
ation. Thus, modulation of tubulin polymerization by UCH-L1
variants is caused by the abnormally increased interaction of
UCH-L1 with tubulin.

From our results, we hypothesized that
UCH-L1"*M_associated neurodegeneration or PD is at least
partly mediated by aberrant tubulin g&)lymerization. Therefore,
we tested the effects of UCH-L1®*™ and paclitaxel on neur-
onal cell death using differentiated Neuro2a cells, which
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Figure 5. Physical interactions of UCH-L1 with tubulin. (A) Lysates of HeLa cells transfected with the indicated constructs (control: GFP) were immunopre-
cipitated with anti-FLAG antibody and analyzed by silver staining. Proteins ~50 kDa in size were subjected to LC-MS/MS analysis. (B) Lysates of COS-7 cells
transfected with the indicated constructs (control: empty vector) were immunoprecipitated with anti-FLAG antibody and analyzed by immunoblotting. (C)
Lysates of NIH-3T3 cells stably expressing FLAG-HA-tagged UCH-L1 were immunoprecipitated with the indicated antibodies and analyzed by immunob!lotting.
(D) Lysates of Neuro2a cells were immunoprecipitated with control IgG or anti-UCH-L1 antibody and analyzed by immunoblotting. —IgG, without [gG. (E) A
pull-down assay was performed using the indicated purified proteins. [(F)—(I)] COS-7 cells transfected with the indicated constructs were treated with the indi-
cated concentrations of HNE. Lysates were immunoprecipitated with anti-FLAG antibody and analyzed by immunoblotting.

have been used to assess the toxicity of mutant proteins linked
to neurodegenerative diseases (17,39,40). We confirmed that
paclitaxel does not interfere with the interaction between
UCH-L! and tubulin (data not shown). Treatment of cells
with 5 pM paclitaxel slightly but s'ﬁi\iﬁcantly elevated cell
death in cells expressing UCH-L1™*™, but had no effect in
cells expressing UCH-L1YT (Fig. 6F). This indicated that
the toxicity of UCH-L1"*™ may be at least in part mediated
by aberrant microtubule dynamics or tubulin polymerization.

Given that tightly regulated tubulin polymerization is necess-
ary for neurons to be viable, our findings strongly suggest that
aberrant tubulin polymerization caused by UCH-L1"°M
underlies the toxic gain of function of mutant UCH-L1, and
that carbonyl-modified UCH-L1 also functions as a toxic
protein in neurons. We propose that interactions of mutant
or carbonyl-modified UCH-L1 with other proteins, including
tubulin, constitute one of the causes of not only familial PD,
but also sporadic PD (Fig. 7D).



