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Altered Emotional Behaviors in Mamma-
lian Bombesin Receptor Knockout Mice:
Implication for the Molecular Pathogenesis
of Stress-Induced Psychiatric Disorders in
Humans

Keiji Wada, Kazuyuki Yamada, Yuko Santo-Yamada, Hiroshi Maeno, Etsuko Wada,
and Masayuki Sekiguchi

I. Introduction

Neuropeptides are thought to play important roles in the pathogenesis of various
psychiatric disorders, including posttraumatic stress disorder (PTSD) (Merali et al.
2002). To elucidate the pathophysiological role of neuropeptides for the disorders
in vivo, we have employed behavioral analyses of gene-manipulated mice lacking
their receptors. Among various neuropeptides, we have focused on bombesin, be-
cause its receptors are highly expressed in the hippocampus and the amygdala. Both
regions are known to mediate memory and emotional behaviors.

Bombesin (BN) is a tetradecapeptide originally purified from the skin of the Eu-
ropean frog Bombina bombina (Anastasi et al. 1971). Two BN-like peptides, gas-
rin-releasing peptide (GRP) and neuromedin B (NMB), have been identified in
mammalian tissues (McDonald et al, 1979; Minamino et al. 1983). These peptides
exert their effects by binding to G-protein coupled receptors on the cell surface;
these are the GRP-preferring receptor (GRP-R) and the NMB-preferring receptor
(NMB-R). In addition, a third subtype of mammalian bombesin receptor (BRS-3)
has been cloned: however, high affinity natural ligand(s) specific to BRS-3 have not
vel been identified (Battey and Wada 1991; Fathi et al. 1993). BN-like peptides and
their receptors are widely distributed in the mammalian central nervous system and
modulate many aspects of behavior such as spontaneous activity and feeding behav-
ior, as well as learning and memory (Flood and Morley 1988; Flynn 1991; Kirkham
el al. 1993; Santo-Yamada et al. 2001). We previously produced three strains of
BN-like peptide receptor knockout mice using a gene-targeting method (Ohki-
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Hamazaki et al. 1997, 1999; Wada et al. 1997). The resulting mice, deficient in
GRP-R, NMB-R, and BRS-3, were used in studies designed to clarify and distin-
guish the functional properties of BN-like peptides in the brain. As a result, we
found that the NMB/NMB-R system may work as a risk factor for stress vulnerabil-
ity and that the GRP/GRP-R system may play some role in learning and memory.

2. NMB and NMB-R

We investigated the effect of restraint.stress on the behavior of NMB-R-deficient
mice. We first examined the maternal behavior of the mice before and after the
stress for 30 min (Yamada et al. 2002a), Near the end of the stress, three pups were
laid individually in corners of each home cage. Immediately following the stress
treatment, each experimental virgin female mouse was introduced into the vacant
corner of the home cage. The essential maternal indices (licking, pup retrieval,
grouping, nesting, and crouching) were measured in the initial and final 5-min ob-
servation periods during a 35-min test session. As shown in Fig. 1, the overall ma-
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Fig. |. Overall maternal behavioral performance of neuromedin B-preferring receptor (NMB-
R)-deficient mice (KO) and wild-type mice with/without 30-min restraint-induced stress. The
overall scores represent the sum of the scores of the individual components: pup retrieval,
grouping, crouching, and nesting. Data given as mean + quartile deviation. Asterisks repre-
sent statistical significance between the indicated groups: "t P <0.0001; TP <0005 P<
0.03
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ternal indices at the final observation were significantly lower in stressed NMB-R-
deficient mice compared with those of stressed wild-type control mice. At the initial
observation, we did not find significant difference of the indices between the two
genotypes with stress. The maternal behaviors of wild-type and NMB-R-deficient
mice are both suppressed in the initial observations. Furthermore, nonstressed mice
show similar indices between the two genotypes. These results suggest that re-
straint-induced stress can impair maternal behavior in mice, and NMB-R-deficient
mice may suffer more severely from the stress than wild-type mice.

Similar vulnerability of NMB-R-deficient mice to the restraint stress was ob-
served in the inhibitory avoidance learning (Yamada et al. 2003). Using a one-trial
passive avoidance test, stressed NMB-R-deficient mice exhibited 2 marked reduc-
tion in memory performance (Fig. 2). In the test trial, we did not observe any differ-
ence in the mean step-through latency between nonstressed NMB-R-deficient and
wild-type mice; however, stressed NMB-R-deficient mice showed significantly
shorter latency than stressed wild-type mice and nonstressed NMB-R-deficient mice
(Fig. 2). Although NMB-R-deficient mice exhibited elevated spontaneous activity
in a novel environment (open field) compared with nonstressed mutant mice after
30 min of stress, a similar difference was also observed between stressed/non-
stressed wild-type mice. An elevated plus maze test did not show any effect of the
stress stimulus on anxiety in either wild-type or NMB-R-deficient mice. Further-
more, pain response of wild-type and NMB-R-deficient mice induced by electric
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Fig. 2. One-trial passive avoidance test, Data given as mean + SEM. Asterisks indicate statis-
tical significance between the acquisition trial and the test trial (P < 0.01); hashes indicate
statistical significance between stressed NMB-R-deficient mice and stressed wild-type mice
or nonstressed NMB-R-deficient mice in the test trial (P < 0.01). COND, acquisition trial;

TEST, test trial
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footshock was not affected under either stressed or nonstressed conditions. Thesce
results indicate that impaired memory performance in stressed NMB-R-deficient
mice is not a consequence of changes in spontaneous activity, anxiety, or pain re-
sponse, and suggest that the NMB/NMB-R pathway plays a role in regulating the
stress response via the neural system that controls learning and memory.

We then evaluated the risk assessment behavior of the mice using two represen-
tative behavioral paradigms, the light-dark (L-D) box test and the elevated plus
maze test (Yamada et al. 2002b). In the L-D box test, there were no significant dif-
ferences between mutant mice and their wild-type littermates with respect to the
conventional parameters such as dark-light (D-L) latency and the duration of stay-
ing in the light compartment. However, in the analysis of risk assessment behavior
(stretched attend posture), NMB-E-deficient mice exhibited a significant decrease
i1 risk assessment behavior relative to the wild-type cohort (data not shown). Simi-
lar to the results of the L-D box test, the analyses of risk assessment behavior from
the elevated plus maze test revealed that NMB-R-deficient mice displayed a rela-
tive decrease in the frequency of this posture (data not shown). Although risk as-
sessment behavior has yet to gain broad consent as a behavioral index of anxiety,
there are reports that this behavior may reflect some emotional state of animals
(Yamada et al. 2002b).

Our results suggest that the NMB/NMB-R pathway modulates some forms of
emotion (perhaps including anxiety) and constitutes one of the risk factors of stress
vulnerability. NMB-R-deficient mice should provide useful information for molec-
ular pathogenesis of stress-induced disorders. Because the NMB/NMB-R system
possibly interacts with 5-hydroxytryptamine (5-HT) neurons (Yamada et al. 2002¢),
further studies should reveal the neural circuits responsible for stress-induced men-
tal disorders including PTSD.

3 GRP and GRP-R

We investigated the role of the GRP/GRP-R system in memory and learning. We
first examined the effect of GRP peptide in wild-type mice with drug-induced am-
nesia. GRP was administered following fraining in a one-trial passive avoidance
test. When scopolamine was used to induce amnesia prior to training, GRP (32
nmol/kg, ip) improved memory performance when the dosage of scopolamine was
relatively low (1 mg/kg, ip). We then examined the role of GRP for the acquisition
of inhibitory avoidance learning in mice using GRP-R antagonists. An administra-
tion of [Leu”—(CHNH)-Leu“‘]BN (antagonizes GRP-R > NMB-R) impaired the
performance of inhibitory avoidance learning in all doses (16, 32, 64 nmol/kg).
These results suggest that the GRP/GRP-R system plays an important role in mem-
ory and learning. Recently, GRP was shown to be important for inhibiting memory
specifically related to learned fear (Shumyatsky et al. 2002). We generated specific
antibody against the receptor, and found that the antibody is an excellent tool for
investigating the expression of GRP-R in the brain (Kamichi et al. 2005). Double-
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labeling immunohistochemistry demonstrated that subpopulations of GRP-R are
present in GABAergic neurons in the amygdala. Consequently, GRP-R immunore-
activity was observed in the GABAergic neurons of the limbic region. These ana-
tomical results support the idea that the GRP/GRP-R system mediates memory per-
formance by modulating neurotransmitter release in the local GABAergic network.

4. Conclusion

Our results indicate that the NMB-R-deficient mouse is an important tool for inves-
tigating the molecular mechanism of stress-induced disorders and developing thera-
peutic drugs for the disorders. Besides the NMB/NMB-R system, the GRP/GRP-R
system is likely to be involved in fear memory. Thus, it is likely that the mammalian
bombesin system plays a role in regulating stress response through the neural sys-
tem that controls learning and memory. Further investigation of the involvement of
the mammalian bombesin system in PTSD should provide useful information for

the treatment of the disease.
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Abstract

By altering their morphology, astrocytes, including those involved in the maintenance and plasticity of neurons and in clearance of
transmitter, play important roles in synaptic transmission; however, the mechanism that regulates the morphological plasticity of
astrocytes remains unclear. Recently, we reported that T1, a subtype of TrkB (a family of BDNF-specific receptors), altered astrocytic
morphology through the control of Rho GTPases in primary astrocyte cultures. In this study, we extended this observation to
investigate acute neocortical slices from adult rats. T1 siRNA-expression vectors were electroporated into astrocytes in neocortical
layer | of living rats. In both normal slices and control vector-electroporated slices, BDNF induced the elongation of the astrocytic
processes and increased the branching of processes in slices after 1 h incubation. in contrast, in T1 siRNA-electroporated slices, no
such significant morphological changes were observed in the astrocytes. In addition, the number of synaptophysin™ sites in contact
with GFAP* processes increased in a BDNF-T1-dependent manner without the increase in the total synaptophysin” sites. Therefore,
the present study provides evidence of the regulation of layer | astrocytic morphology by the BDNF—T1 signal in adult rat neocortical

slices.

Introduction

Neurotrophins and their specific tropomyosin-related kinase (Trk)
receptors are known to be involved in the regulation of cell
morphology during development (Bibel & Barde. 2000). Newrotro-
phins (NTs) belong to the nerve growth factor (NGF)-related gene
family: NGF. brain-derived neurotrophic factor (BDNF), NT-3. and
NT4/5. The Trk receptor family consists of three members: TrkA for
NGF. TrkB for BDNF and NT-4/5. and TrkC for NT-3 (Barbacid.
1994). The kB gene encodes at least three receptor subtypes (Klein
e al.. 1990; Middlemas er al., 1991). One such subtype is the full-
length form (TK+) that includes tyrosine kinase in the cytosolic
domain. The other two subtypes. T1 and T2. lack tyrosine kinases. T1
is expressed in both neurons and glial cells (Armanini ef al. 1995;
Ohira ef al., 2005a. 2005b) whereas T2 is expressed primarily in
neurons (Armanini er al.. 1995).

Recent studies have shed light on interactions between neurons and
glial cells (Fellin & Carmignoto. 2004). In particular, it has been
demonstrated that calcium entry into astrocytes modulates synaptic
transmission (Bezzi ef al. 2004; Fiacco & McCarthy, 2004). In
addition. astrocytic endfeet enwrap synapses (Ventura & Harris,
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1999). i.e. those synapses referred to as tripartite synapses (Arague

et al., 2001). Interestingly, astrocytic processes surrounding active

synapses are able to rapidly alter their morphology in acute slices from
the brainstem (Hirrlinger e7 al.. 2004). hypothalamus (Langle er al..
2003) and hippocampus (Benediktsson ef al. 2005) of infant- to
pubertal-stage rodents. In contrast. alterations of fine neuronal
structures such as dendrites and spines in the neocortex of adult mice
hardly occur under normal conditions (Grutzendler ef al.. 2002). Such
results have suggested that the morphological alteration of astrocytes
might be essential for the maintenance and plasticity of synaptic
transmission. as well as for transmitter clearance. Therefore, it would
be of great interest to clarify the mechanism(s) responsible for
controlling astrocytic morphology.

Recently. we reported that T1 regulates astrocytic morphology via
Rho GTPases in primary astrocyte cultures (Ohira er al.. 2005a). Tl
also controls calcium entry into astrocytes (Rose er al.. 2003). In
addition. BDNF release is highly regulated by neuronal activity
(Hartmann ef al.. 2001; Kohara er al.. 2001). Thus. these findings led
us to postulate that BDNF release due to neuronal activity might
induce morphological changes in astrocytes in the CNS.

For the initial evaluation of this hypothesis. we investigated the role
played by endogenous T in the regulation of astrocytic morphology n
acute slices of the adult rat neocortex. Using T1 small interfering RNA
(siRNA }-expressing vectors that were electroporated into neocortical
layer 1 of adult rats. we demonstrated that T1 regulated astrocytic
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morphology in a BDNF-dependent manner. Therefore. considering that
astrocytes modulate synaptic transmission (Bezzi er al., 2004; Fiacco &
McCarthy. 2004), these results indicate that the morphological changes
regulated by the BDNF-T1 signal in astrocytes might play important
roles in adult synaptic plasticity in the neocortex.

Materials and methods
T1 siRNA vector

The Tt siRNA vector was produced using the BLOCK-T U6 Entry
Vector kit (Invitrogen, Carlsbad, CA, USA). The pENTR/U6 vector
integrates the human U6 promoter which drives RNA polymerase III.
Generally, transcription by RNA polymerase III produces a higher
amount of RNA than that by RNA polymerase II. Moreover, the U6
promoter belongs to a type 111 polymerase promoter, which is suitable
for expressing a short-length RNA such as short hairpin RNA and
micro RNA. for use in RNA interference because there is no internal
promoter in it.

Briefly. 5° oligo CAGCGTCATAAGATCCCCCTGGATGAGAAT-
CCAGGGGGATCTTATGA and 3’ oligo AAAATCATAAGATCC-
CCCTGGATTCTCATCCAGGGGGATCTTATGAC were incubated
at 95 °C for 4 min. The mixture was cooled to room temperature for
10 min to generate the double-strand oligo. The double-strand oligo
was cloned into the pENTR/U6 vector. For the control oligos, 5" oligo
CAGCGAAGATCCCCCTGGATGGGAACGCCCATCCAGGGGG-
ATCTT and" 3" oligo AAAAAAGATCCCCCTGGATGGGCGTTC-
CCATCCAGGGGGATCTTC were used.

Western blot analysis

C6 cells (Dainippon Pharmaceutical, Osaka. Japan) were maintained
in Ham's F-10 medium (Gibco. Rockville. MD, USA) supplemented
with 15% horse serum (Gibco) and 2.5% fetal bovine serum (Gibeo) in
a humidified atmosphere containing 5% CO, at 37 °C. The vectors
(2 ug per 6-cm dish) were transfected into C6 cells (50% confluent)
with FUGENE®6 (Roche, Basel, Switzerland; Wiesenhofer er al., 1999).
The transfection efficiency of the green fluorescent protein (GFP)
expression vector was ~ 60%. After 24 h, the cells were lysed in lysis
buffer (Tris-HCL pH 7.5. 50 mm; NaCl 150 mM; MgCla. 5 mM;
Triton X-100. 0.5%; PMSF. | mMm; leupeptin. 10 ug/mL; and
aprotinin, 20 pg/mL). Afier the lysed cells were centrifuged at
10000 g at 4 °C for 20 min, the supernatants were mixed with
4 x sodium dodecyl sulphate (SDS) sample buffer and boiled for
3 min. Samples (5 pg/lane for actin and tubulin, 100 pg/lane for T1)
were subjected to SDS-polyacrylamide gel electrophoresis (7% gel for
T1. 12% gel for actin and tubulin). and the proteins were blotted onto
polyvinylidene difluoride membranes (Millipore, Billerica. MA,
USA). The membranes were blocked in 5% skimmed milk in
phosphate-buffered saline (PBS; in mM: NaCl 137; Na;HPOy, 8.1;
KCL 2.7: and KH.PO,. 1.5). After incubation of the blots with
antibodies (anti-T1. diluted at 1 : 200; Santa Cruz Biotech., Santa
Cruz. CA. USA; antiactin, diluted at 1 : 200; and antitubulin. diluted
at 1 :200; both Sigma. St Louis, MO. USA) at room temperature for
1 h. they were incubated with secondary antibodies conjugated with
horseradish peroxidase and the proteins were visualized by the
enhanced chemiluminescence system (Amersham Pharmacia Biotech,
Tokyo. Japan). The specificity of anti-T1 antibody for use with
Western blot analysis and immunochistochemistry has already been
assessed in our previous studies (Ohira es /.. 1999; Ohira & Hayashi.
2003). For the quantitative analysis of protein bands we measured the
band areas using Imagel software.
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Electroporation

The methods were approved by the National Institute of Neuroscience
Committee for the Ethical use of Experimental Animals, based on the
guiding principles of the Council for International Organizations of
Medical Sciences (1984). Every effort was made to minimize the
number of animals used. Adult male Sprague-Dawley (S-D) rats
(4-6 weeks, n = 10) were deeply anaesthetized with sodium pento-
barbital (50 mg/kg). A rectangular hole in the right hemisphere of the
skull (3 mm wide and 5 mm long) was created. After an anode
tungsten needle was stereotaxically and diagonally inserted under the
neocortex (2 mm posterior and 3.5 mm lateral to the bregma. at an
angle of 20° to the brain surface). a mixture of 20 pL (GFP : siRNA,
1 : 5) of GFP plasmid vector solution (pCA-GFP; | pug/uL in 0.01%
Fast Green in Tyrode's solution) and T1 siRNA (1 pg/ul) or the
control vectors (1 pg/pL) was injected between the arachnoid and the
dura using a pipette (P-20; Gilson, Middleton, W1, USA) connected to
a silicon tube and a 27-gauge injection needle (Terumo. Tokyo. Japan).
The rectangular platinum plate cathode (1 mm wide and 1.5 mm long)
was placed on the dura, and a series of five square pulses (50 ms.
15 V, 950-ms intervals) were immediately sent using Electro Square
Porator model T820 and Optimizor 500 (BTX. Harvard Apparatus,
Holliston. MA. USA). At 3 days after electroporation. the rats were
killed and the brains were removed in order to prepare acute slices.

Morphological assay

Rats were anaesthetised with pentobarbital sodinm (25 mg/kg i.p.).
After decapitation. the brains were removed from normal (4-6 weeks
S-D rat, n = 10) and electroporated rats (4--6 weeks S-D rat, n.= 10)
and yellow fluorescent protein (YFP) transgenic mice [4-6 weeks.
n = 3; B6.Cg-Tg (Thyl-YFP) 16Jrs/]. The Jackson Laboratory. Bar
Harbor, ME, USA]. and 500-pm slices were created. The slices were
kept for 30 min at 4 °C in DMEM (Invitrogen, Carlsbad, CA, USA)
containing N2 supplement (Invitrogen). For the administration of
reagents. the slices were stimulated for 60 min at 37 °C and 5% CO-
with 20 ng/mL BDNF (PeproTech. Rocky Hill. NI. USA) or
100 ng/mL NGF (PeproTech). The dishes were agitated gently
during incubation. Then. the slices were fixed at 4 °C for 1 h in 4%
PFA in PBS. For cryoprotection. they were sequentially immersed in
5. 10. 20 and 30% sucrose. Thereafter. the slices were further sliced
into 10-pm-thick sections and were incubated with the primary
antibodies at 4 °C for 48 h. For the double staining analysis. we used
the following primary antibodies: the rabbit polyclonal antibodies
were antiglial fibrillary acidic protein (GFAP; diluted at 1 : 50; Sigma)
and anti-T1 (diluted at | : 1600; Santa Cruz Biotech.); and the mouse
monoclonal antibodies were antiglutamic acid decarboxylase 65/67
(diluted at 1 : 10 000; Affinity Research Products. Exeter. UK). anti-
GFAP (diluted at 1 : 1000; Chemicon. Temecula. CA. USA). and
antisynaptophysin (diluted at 1 :1000; Chemicon). For the TI
staining procedure, in order to retrieve antigenicity the samples were
preincubated in 6 M guanidine chloride in 50 mM Tris-HCL pH 10.2.
for 15 min at room temperature (Ohira er a/.. 2003, 2004. 2005a.
2005b). For the morphological analyses of the astrocytes. the
parameters were defined as follows: a thick process that extended
radjally from a soma was defined as a primary process. and a fine
process that extended from a primary process was designated a branch.
For the analysis of synaptophysin-positive (*) sites. the pumber of
sites per 14 500 [.Lm2 was counted. For the analysis of the interaction
among synaptophysin® sites and GFAP™ processes. the number of
synaptophysin™ sites that were piled on (white in Fig. 6A and B) or
contacted with GFAT" processes (bluc in Fig. 6A and B) was counted
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in an area of 14 500 um". The samples in a 0.5-um-thick plane were
analysed using a confocal microscope (TCS SP2; Leica. Wetzlar,
Germany). In this assay., we chose the layer | areas to be analysed at
random. ’
For the quantitative analysis of /1 vivo fluorescent intensity of T1.
the images of astrocytes were taken under the same condition.
Fluorescent intensity was measured with ImageJ software,

Terminal deoxynuc/éotidyl transferase-mediated digoxigenin
nucleotide nick-end labelling (TUNEL) staining

Apoptotic cells were identified by using modified ApopTag apoptosis
detection systems (Serologicals, Norcross, GA. USA). For the
analyses of injured cortices, young adult male S-D rats (4-6 weeks,
n =3) were deeply anaesthetized with sodium pentobarbital
(50 mg/kg). Rectangular holes were bored into the skull (3 mm wide
and 5 mm long) over the right hemisphere. The motor cortex was
injured by the application of a surgical knife attached to the tip of the
vertical bar of the stereotaxic instrument; this procedure was
performed according to the stereotaxic brain atlas (Paxinos & Watson,
1986). The stereotaxic coordinates used for cutting were as follows:
anteroposterior. 1 to —1.5 mm from bregma; lateral, 4 mm from the
midline; and depth, 1 mm below the brain surface. At 2 days after the
operation. the brains were fixed in 4% PFA. The brain sections
(10 um) from the injured and electroporated rats were incubated with
terminal deoxynucleotidy! transferase for 1 h at 37 °C. Thereafter, the
sections were stained with antidigoxigenin (Roche Applied Science,
Basel. Switzerland) and with secondary antibody conjugated with Cy3
(Chemicon). Nuclei were stained with Hoechst 33258 (Sigma).

Data collection

In the following two analyses (the astrocytic morphology and the
relationship between GFAP™ processes and synaptophysin™ sites), we
obtained the data from 10 normal rats. five control vector-electropo-
rated rats and five T1 siRNA vector-electroporated rats. In addition,
one control and one siRNA vector-electroporated rat was subjected to
each analysis.

In order to analyse astrocytic morphology. we collected data from 57
cells in normal slices not treated with BDNF. 63 cells in normal slices
treated with BDNF. 62 cells in normal slices not treated with NGF, 60
cells in normal slices treated with NGF. 71 cells in contro} vector-
electroporated slices not treated with BDNF. 75 cells in contro}
vector-electroporated slices treated with BDNF, 71 cells in siRNA
vector-electroporated slices not treated with BDNF and 66 cells in
siRNA vector-electroporated slices treated with BDNF. For the
analysis of the relationship between GFAP™ processes and synapto-
physin” sites. the data was obtained from the following: 44 normal
sections not treated with BDNF, 47 normal sections treated with
BDNF, 43 normal sections not treated with NGF. 45 sections treated
with NGF. 47 control vector-electroporated sections not treated with
BDNF. 46 control vector-electroporated sections treated with BDNF,
49 siRNA vector-electroporated sections not treated with BDNF and
48 siRNA vector-electroporated sections treated with BDNF.

Resulis

BDNF-dependent morphological change in astrocytes in neo-
cortical layer | of acute slices prepared from adult rats
Astrocytes in the CNS are generally divided into two groups. fibrous and
protoplasmic astrocytes. Fibrous astrocytes are characterized by (i) long

processes with slight branching. (i) GFAP-rich contents and (iii) dis-
tribution in the white matter and in neocortical layer I. Protoplasmic
astrocytes have the following typical features: (i) well-branching short
processes, (ii) low GFAP content and (iii) distribution in the grey matter
(Peters e al., 1976; Raffer al.. 1983, Miller & Ratf. 1984). In the present
study an immunofluorescent approach was used to observe layer |
fibrous astrocytes, but the protoplasmic astrocytes in layers I-V] were
not observed. As GFAP was observed in large amounts in the layer |
fibrous astrocytes, a double-immunotfiuorescence study of GFAP and T1
enabled the visualization of layer I fibrous astracytes (Fig. 1 A). Also.
the layer I fibrous astrocytes do not overlap their neighbours’ space
(Fig. 2). Similarly, the protoplasmic astrocytes in hippocampal CAl
stratum radiatum have separate domains (Bushong er al.. 2002).
Therefore, we were able to observe individual astrocytes without any
intermingling. Moreover, in our preliminary study we visualized the
morphology of astrocytes in neocortical layer I of acute brain slices
prepared from developing mice (postnatal days 14-20) using a
combination of intracellular recording, biocytin injection and coimmu-
nofiuorescent staining with GFAP. These findings were in contrast to
those obtained with protoplasmic astrocytes. in which GFAP only
enables the visualization of ~ 15% of the total cell volume in the
hippocampal CAl (Bushong er al.. 2002). The layerl astrocytes
exhibited a mean resting membrane potential of =77.3 £ 7.0 mV (total
n = 8 cells), and did not produce action potentials. The morphology
revealed by biocytin injection into glial cells that had been electro-
physiologically identified was consistent with that of neocortical layer |
astrocytes in adult mammals (Colombo ef al.. 2000). Although this
intracellular staining method could reveal the morphology of astrocytes
clearly in the developing cortex by 3 weeks posmatal. it was imprac-
ticable to make whole-cell patch-clamp recordings of astrocytes in adult
slices of mice and rats. Our aim of this study was to determine whether
T1 was involved in the regulation of morphological changes in
astrocytes in the adult cortex. In this study. therefore. whole-cell patch-
clamp recording was abandoned in favour of investigating the
morphological changes in astrocytes in the adult cortex. In our rat
preparation, a double-immunofluorescence study of GFAP and TI
expression revealed that the cell shape of neocortical layer ] astrocytes
was quite similar to that observed in the mouse preparation. The length
oflayer I astrocytes in our study (mean # SD.24.5 4 9.2 um; total. 194
processes from 57 astrocytes) was similar to the data reported by
Colombo ef al., 2000). Thus, we concluded that the cell shape observed
in the double-immunofiuorescence study with GFAP and T1 prohably
reflects the actual cell bodies and processes of the astrocytes in layer 1.
We therefore focused on layer I fibrous astrocyres.

As shown in Fig. 1. we observed rapid morphological changes
among layer I astrocytes with BDNF treatment for | h. BDNF
treatment induced process elongation and branching, but it did not
lead to an increase in the number of primary processes from each
soma. In contrast. NGF treatment had no effect on astrocytic
morphological changes. Together with the finding that the layer |
astrocytes express mainly T1 in vivo (Ohira ef al.. 20052). this finding
regarding morphological changes among astrocytes is suggestive of an
induction by the T1 signalling cascade in the astrocytes themselves.

Effect of T1 siRNA on astrocytic morphology

Next. in order to examine the contribution of T1 to BDNF-dependent
morphological changes in astrocytes. we constructed T1 siRNA-
expression vectors. Then. using rat glioma C6 cells that intrinsically
express T1. we confirmed the RNA interference effect of this vector
(Fig. 3). At 24 h after transfection. the expression level of T1 had not
changed in the control vector-transfected cells (Fig. 3B). On the other
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hand. in the T1 siRNA-transfected cells, T expression was decreased
to 1/4 of the control level (Fig. 3B). Thus. we concluded that the T1
siRNA-expression vectors were effective at suppressing the expression
of T1 proteins.

In order to deliver the T1 siRNA-expression vectors into the layer I
astrocytes, we performed an electroporation of T1 siRNA-expression
vectors into the neocortex of living rats. At 3 days after electropo-
ration. the neocortical slices were subjected to a series of morpho-
logical analyses. The vectors were focally electroporated into layer ]

cells. such that we did not observe GFP expression in neurons and
glial cells of layers [I-VI. As this in vivo electroporation damaged
brain tissue under the cathode plate. for this analysis we chose regions
in which there were neither apoptotic nor necrotic cells in the
electroporated tissues (Fig. 4). As a positive contro] for the TUNEL
method we used brain tissues damaged with a surgical knife. In the
control sections. apoptotic cells were observed (Fig. 4A-C). while
there were no apoptotic cells in the neighbouring sections subjected to
the morphological analysis of astrocytes (Fig. 4G-N). At the same
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Fia. 2 Individual domains of layer I fibrous astrocytes. Astrocytes were
vi:s‘uahzed with anti-GFAP (green). The white dotted lines indicate the domain
of each layer I fibrous astrocyte. Note that layer I fibrous astocytes have

separate domains. suggesting that we can observe the fine structures of
astrocyles. such as processes and branching, without the problems of

intermungling. Scale bar, 25 pm.
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Fic. 3. Effect of TI siRNA on T! expression in C6 cells. (A) Either control
vectors or T1 siRNA-expression vectors were transfected into C6 cells that
intrinsically express T1. The expression of T1 was examined by Westem blot
analysis with anti-T 1. The molecular weight of T1 was 95 kDa. The positions
of the molecular weight markers are shown on the lefi. (B) Quantitative ana-
lysis of T1 bands in A. The expression level of T1 in the no transfection sample
was tuken as 100%. ¥P < 0.05 (one-way ANOVA) compared to the level of the
no transfection sample, Values are given as means = SD and were obtained
from three independent experiments. and a representative image is shown. N,
no transfection; C. control vector; R, siRNA veclor.

time we assumed that the T] siRNA-expression vector had been
transferred into the astrocytes; this assumption was based on the
expression of GFP. the expression vector of which was cotransferred
with the siRNA vectors. In addition. it was observed that the GFP-
expressing astrocytes did show a reduction in the T1 expression level
(panel T1 in Fig. 5A).

To determine the in vivo efficiency of Tl siRNA, the quantitative
analysis of in vivo T1 expression in the control- or siRNA-vector
electroporated astrocytes was performed by measuring the fluorescent
intensity of T1. The fluorescent intensity of T1 in the siRNA vector-
electroporated astrocytes was significantly decreased compared with
that in the contro] vector-electroporated astrocytes (Fig. 5C). There-
fore. based on T1 expression, the siRNA vector was effective.

In the slices prepared from control vector-electroporated rats,
BDNF induced a significant increment in the length and number of
branches of the processes, while no change in primary process number
was observed (Fig. 5). These amounts of change were identical to
those observed in the nonelectroporated slices (Figs 1 and 5). When
not treated with BDNF, slices prepared from the T1 siRNA vector-
electroporated rats showed no difference from those with control
vectors. Also, the astrocytes containing T1 siRNA-expression vectors
appeared to have fewer branches and shorter processes under the
no-BDNF treatment condition. though this difference was not
significant (Fig. 5B). This result might be caused by an increase in
cytosolic Rho GTPases due to the reduced expression of T1, which
might bind and retain Rho GDI! in the cell membrane. When treated
with BDNF and inhibited T1 expression. astrocytes exhibited slight.
albeit not significant. elongation and branching of the processes
(Fig. 5B). These slight increases in process length and branching
might be due to the low level of T1.

Relationship of GFAP* processes and synaptophysin® sites

Morphological changes in astrocytes have effects on the clearance of
neurotransmitters and the regulation of synaptic transmission (Theo-
dosis & Poulain, 1993; linc ef al.. 2001; Oliet ef al., 2001; Theodosis
et al., 2004). Moreover, in the cerebellum. Bergmann glial cells
receive glutamate via ectopic release. and functional AMPA receptors
are densely distributed in the Bergmann glial membrane that faces the
synaptic structures (Matsui ef al., 20035). suggesting that astrocytic
processes in close proximity to synapses may be capable of locally
regulating synaptic functions. Thus. in this study we also addressed
the question of whether or not the BDNF-T1 signalling leads to an
increase in the number of synapses that are in contact with GFAP”
processes. In this analysis, there is the possibility that synaptophysin”
sites might represent cut axonal fibres. We assessed this problem using
YFP-transgenic mice. In these mouse brains, YFP proteins were
strongly expressed in the cell body. axons and dendrites of the layer V
pyramidal neurons (Feng ef al.. 2000). If cut axonal fibre terminals
(YFP") were also synaptophysin®, we would have detected the
synaptophysin and YFP double-positive sites. However. we hardly
found any such double-positive sites. Therefore. we considered
synaptophysin” sites to be actual mature synapses (Okabe el al..
2001). As shown in Fig. 6A and C. the number of synaptophysin” sites
in contact with GFAP™ processes increased in a BDNF-dependent
manner, presumably because of the BDNF-induced extension of the
astrocytic processes and astrocytic branching. On the other hand.
neither BDNF nor NGF treatment was found to influence the overall
density of synaptophysin™ sites (Fig. 6D).

Next, we examined the effect of T1 siRNA on the interaction
hetween GFAP™ processes and synaptophysin” sites. In the control
vector-electroporated slices. the number of synaptophysin® sites that
were in contact with GFAP™ processes increased more than two-fold. a
result which was compatible with the amounts in the nonelectropo-
rated slices (Fig. 6C). In contrast. no morphological changes among
the astrocytes were observed in the Tl siRNA-expression vector
electroporated slices. Moreover, the reduction in the number of
synaptophysin” sites in contact with GFAP™ processes appeared to
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Fic. 4. Apoptotic cells in (A-C) injured, (D-F) unelectroporated. (G-I) control vector-electroporated. and (K-N) T1 siRNA vector-electroporated slices of the
motor cortex. Apoptotic cells were detected by the TUNEL method with anti-Dig (B. E. H and L; red) and these cells are indicated by arrowheads. Electroporated
cells expressed GFP (1 and M; green cells indicated by arrows). Nuclei were stained with Hoechst 33258 (A. D. G, and K: blue). Note that the apoptotic cells.
indicated by the arrowheads in C, were distributed around the injured region (asterisks in A), but were hardly detected in (E) the normal slices and in (H and L) the
electroporated slices. thus suggesting that in these regions electroporation successfully delivered the plasmid vectors into neocortical layer 1 without inducing cell

death. Scale bars. 100 pm.

reflect a decrease in GFAP™ process length and in the branching
induced by TI siRNA. although this result was not significant
(Fig. 6C).

Discussion

In this study. we demonstrated that BDNF regulated astrocytic
morphology in adult neocortical slices via a truncated TrkB receptor.
T1. Our data also revealed that the number of synaptophysin” sites in
contact with GFAP™ processes increased in a BDNF-T1-dependent
manner without a change in the number of total synaptophysin™ sites.
Therefore. these results show that the neocortical layer ] astrocytes
exhibit high morphological plasticity in the adult rat brain.

Knock-down of T1 expression by siRNA and electroporation

In the present study. we performed in vivo knock-down of T1 by using
T1 siRNA. The #kB gene contains at least three subtypes that have in
common an extracellular domain. a transmembrane domain and the
first 12 intracellular amino acid sequences. We designed the 19-mer

oligonucleotide from adenosine at 1852 in the T1 sequence (GenBank
accession number M55292). Interestingly. the control sequence started
four nucleotides upstream of the T1 siRNA sequence. This control
vector had virtually no RNAJ effect on T1 expression (Fig. 3) or
morphological changes in astrocytes (Figs 5 and 6), which was similar
to the data from the normal rats (Figs 1 and 6). Although the cause
was unknown, there was no great difference between the percentages
of GC content in the two sequences. Thus, the secondary and/or
tertiary structure of the resulting RNA might be the reason.

In this study, we performed electroporation to transfect the T]
siRNA-expression vectors into astrocytes. However. the electropora-
tion and the cutting of slices kill the cells or weaken them. To choose
the healthy areas in the slices. we checked the adjacent sections by the
TUNEL method. which detects apoptotic cells. Also, we found gliosis
as well as apoptosis at the margins of the areas damaged by
electroporation. However. there was no gliosis in other areas (data not
shown), because the electroporation of weak electric potential used in
this study (five pulses of 50 ms, 15 V at 950-ms intervals) would
cause limited focal damage. as reported in the previous studies
(Kondoh et al.. 2000; Kachi er al., 2005). Moreover. in the control
vector-electroporated slices. the morphology of astrocytes (length.
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Fic. 5. Morphological changes in astrocyles ransfected with T1 siRNA-expression vector. (A} Control or T1 siRNA-expression vector-electroporated astrocyies
were visualized with anti-T1 (blue). anti-GFAP (red) and electroporated GFP (green). Slices were incubated for 60 min with BDNF (20 ng/ml.} or vehicle
(DMEM). Note that few Tl-immunoreactive structures were observed in the T} siRNA-expression vector-clectroporated cells. (B) Quantitative analyses of process
length (lefi panell. number of branches (middle panel) and number of processes {right panel). Values are given as means & SD and are the results of four independent
experiments. *P < 0.05 (two-way ANOVA) compared to astrocytes in the control slices not treated with BDNF. There was a significant difference in the BDNF
\reatment. but not a difference between the control- and the siRNA-expression vectors. (C) Quantitative analysis of T! fluorescence intensity. Fluorescence intensity
was measured with Imagel. The expression level of T1 in the no transfection sample was taken as 100%. Values are given as means = SD and are the resulls of four
independent experiments. *P < 0.05. Student’s r-test. between the T1 fluorescence intensity levels of the control and siRNA-expression vector rransfected astrocytes.
Control. electroporation of control vector; siRNA, electroporation of T! siRNA-expression vector, ~. no stimufation; =, stimulation with BDNF. Scale bar. 20 pm.
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Fic. 6. Interaction between GFAP™ processes and synaptophysin™ sites. (A} Images of GFAP™ pracesses (red) and synaptophysin (SPNY sites (blue) in layer | of
the mator cortex of normal acute slices. Slices were incubated for 60 min with BDNF (20 ng/mL) or vehicle (DMEM). (B) A high-powered image of the boxed-in
area in A. Arrowheads indicate SPN™ sites (white) in contact with GFAP" processes. (C and D} Quantitative analysis of (C) SPN™ sites (white} in contact with
GFAP” processes and (D) total SPN” sites. The norma! slices. the contro} vector-electroporated slices and the RNAI vector-electroporated slices were treated with
the indicated reagents: NGF (100 ng/mL), BDNF (20 ng/mL) and vehicle (DMEM). Values are given as means = SD and are the results of four independent
experiments. *P < (.05 (one-way ANOVA and Scheffé's post hoc test) compared to the levels observed in astrocytes in normal slices not treated with BDNF: - no

stimulation: ~, stimulation with NGF or BDNF. Scale bars, 20 pm.

branching and number of processes) was similar to that from the
nontreated slices. Therefore, the morphology of astrocytes in the
analysed areas was not affected by electroporation.

Subcellular localization of T1 and GFAP

The subcellular localization of T1 was very similar to that of GFAP
(Figs | and 5). The single staining for T1 shows a uniform distribution
of T1 in cell bodies and processes (Ohira er al.. 2005b). On the other
hand. GFAP was also uniformly localized in the astrocytic cell bodies
and processes (Fig. 2). suggesting that each specific antibody used
here is not cross-reactive. Thus, these results indicate that proteins of
hoth T1 and GFAP were distributed close to each other in astrocytes.

The colocalization of T1 and GFAP may indicate that T1 interacts
with GFAP. In a previous study. we reported that T1 binds directly
Rho GDII. which is a negative regulator of a small G-protein family.
Rho (Ohira e al.. 2005a). Additionally, T1 downregulates the activity
of ROCK. a downstream effector kinase of RhoA. in a BDNF-
dependent manner (Ohira ef al., 2006). Moreover. ROCK phosphory-

lates GFAP. which causes depolymerization of GFAP (Kosako e/ al..
1997). Thus. T1 can regulate GFAP assembly via the Rho signalling
pathway. Interestingly. all Trk family proteins can directly interact
with an intermediate filament, peripherin (MacDonald er a/.. 1999).
All together. newotrophins may be involved in regulation of cell
morphology via cytoskeletal proteins such as intermediate filaments as
well as microfilaments and microtubules (Etienne-Manneville & Hall.
2002).

Regulation of astrocytic morphology by BDNF-T1

In the adult mammalian CNS, BDNF is synthesized and sccreted from
pre- and postsynaptic neurons in a manner that depends on neuronal
activity (Fawecett e al., 1997, 1998; Aloyz er al.. 1999, Hartmann
et al.. 2001; Kohara er al.. 2001). However. the physiological function
of BDNF in the adult CNS remains unclear. One of the reasons that the
function of BDNF in the adult mammalian CNS has not yet been
clarified s that the function of T1. the major receptor for BDNF in the
adult mammalian CNS from mice to nonhuman primates. has yet to be
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addressed (Allendoerfer er al., 1994; Fryer et al., 1996; Ohira et al.,
1999). In the adult monkey prefrontal cortex. TK+/TK~ heterodimers
and TK-/TK- homodimers are formed in a BDNF-dependent
manner; however, TK+/TK~ homodimers that function during
development are not observed (Ohira er al., 2001). These lines of
evidence suggested that TK— (i.e. Tl in the adult neocortex) plays an
important role in the maintenance and plasticity of the adult neocortex.
Indeed. recent studies have demonstrated the function and signalling
pathway of T1 (Rose et al.. 2003, Ohira er al.. 2005a; Ohira er al.,
2006). Thus, these studies provide clues to the elucidation of in vivo
function of BDNF in the mature CNS.

T1 is expressed in both neurons and glial cells (Armanini e al.,
1995; Ohira er al.. 2005b). and it is highly involved in the regulation
of the morphology of both types of cell (Yacoubian & Lo, 2000; Ohira
et al., 2005a). In terms of function, glial cells. and especially
astrocytes, have been thought to play only a supportive role for
neurons. However. recent studies have demonstrated that glial cells
regulate the clearance of neurotransmitters, and that they maintain
neural plasticity by themselves undergoing morphological changes
(Theodosis & Poulain. 1993; lino er al., 2001; Oliet er al., 2001;
Theodosis er al.. 2004). In contrast, neuronal morphology in the adult
rodent neocortex has been shown to be more static than previously
thought (Grutzendler ef a/.. 2002). The findings of the present study
are thus consistent with these previous findings. In the adult CNS.
BDNF release might induce morphological changes in those astrocytic
processes surrounding synapses via the TI1 signalling pathway.
eventually leading to rapid changes in synaptic strength and
transmission (Wenzel er al.. 1991). However, it remains unclear
whether or not the site-specific release of BDNF regulates astrocytic
morphology and affects synaptic transmission and plasticity in vivo as
well as in tissue slices.

It is reasonable to expect that BDNF treatment induces neurons to
release factors that in turn regulate astrocytic morphology. In this
study. we did not directly test this possibility. However, considering
that (i) T1 regulates astrocytic morphology in astrocyte primary
cultures in which the in vivo expression pattern of BDNF receptors is
maintained (Ohira er al.. 2005a). and (ii) T1-specific siRNA electro-
porated into astrocytes suppressed BDNF-induced morphological
changes in astrocytes. we concluded that the astrocytic morphology in
the acute slices observed here was regulated by the BDNF-TI
signalling pathway in the astrocytes themselves.

In the present study. GFAP™ astrocytic processes exhibited BDNF-
dependent elongation of up to 15 um, whereas previous studies have
reported changes in process length of only several micrometers in the
astrocytes of the brainstem (Hirrlinger e a/.. 2004) and hippocampus
(Benediktsson er al.. 2005). Previous reports have noted the spontaneous
clongation and retraction of fine processes of protoplasmic astrocytes. in
which glutamate. ATP and other factors would be expected to be
involved in the regulation of astrocytic morphology (Volterra &
Meldolest. 2005). As in vivo BDNF release from synapses is regulated
by neuronal activity. a bath application of BDNF would be expected to
continuously stimulate astrocytes and result in a stronger elongation and
branching effect among astrocytic processes. However, this effect may
also reflect a difference between protoplasmic and fibrous astrocytes.

Functional significance of BDNF=T1 in neocoriical layer |
astrocytes

It is of note that. in the adult rat neocortex. the strongest BDNF
immunoreactivity is observed in layer I (Yan er al. 1997). which
suggests that BDNF is enriched and functions in neocortical layer I.
Neocortical layer ] confains a small number of neurons and is

composed predominantly of dendritic and axonal connections (Lund &
Wu, 1997) which receive feedback inputs from the cortex (Rockland
& Virga, 1989) and inputs from the thalamic nuclei (Glenn er al..
1982; Lachica & Casagrande, 1992) as well as from other subcortical
regions (Tigges & Tigges, 1985). The apical dendrites of pyramidal
neurons in layers II-VI reach layer I (Lund & Wu, 1997). Thus.
layer 1 is an important region in which the feedforward and feedback
information from higher cortical areas. as well as from other lower
cortical areas and subcortical regions. could be associated (Zhu & Zhu.
2004). Moreover, neocortical layer I is a network layer which would
exert a direct and concerted effect on the firing properties of pyramidal
cells in the deep layers (Chu ef al.. 2003; Shlosberg ef al.. 2003). In
this context, one might consider whether or not the spillover of BDNF
from a certain active synapse would affect the neighbouring inactive
synapses. If so. the entanglement of neuronal wires would ensue,
which would be quite detrimental to neuronal function. Therefore. in
order to block the leakage of neurotransmitters and other functional
molecules, as well as that of BDNF. from active synapses. the
astrocytes that surround active synapses may alter their morphology in
response to a spillover of BDNF; in this case, astrocytes could be
considered an ‘insulator’ of synapses. At the same time. these
morphological changes among astrocytes may regulate synaptic
transmission in active synapses via the release of neurotransmitters
from the astrocytes themselves; in this case. astrocytes would act as an
‘amplifier’ of transmission (Bezzi er al.. 2004; Fiacco & McCarthy.
2004).

Implications of T1 and morphological changes among astro-
cytes and neurons in terms of adult neural plasticity

According to the current paradigm, long-term morphological changes
among neurons are fundamental to learning and memory. In the
present model there exists a possible mechanism for the morphological
alteration of neurons and astrocytes in which BDNF-T] signalling
may also be involved.

Long-term changes in glial processes in the living brain may exert
an influence on neuronal morphology. For example, the adult
hypothalamo-neurohypophysial system undergoes activity-dependent
morphological plasticity which modifies astrocytic coverage of its
oxytocinergic neurons and their synaptic inputs. Interestingly. reduced
coverage of astrocytes at synaptic sites can be maintained for 1 month
by lactation (Theodosis & Poulain, 1993; Theodosis ef al.. 2004); this
finding suggests that continuous neuronal stimulation can alter as well
as maintain glial morphology. In addition, such glial changes can
induce morphological changes in synapses (Theodosis & Poulain.
1993; Theodosis er al., 2004). In other words, a prior morphological
change in the glial cells might orientate neurons with respect ta sites
for dendrite elongation and synapse formation. Additional studies will
be needed to further clarify the changes in newronal fine structures.
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Abstract

The I93M mutation in ubiquitin carboxyl-terminal hydrolase L1 (UCH-L1) was reported in one German family with autosomal dominant
Parkinson’s disease (PD). The cansative role of the mutation has, however, been questioned. We generated transgenic (Tg) mice carrying human
UCHLI under control of the PDGF-B promoter; two independent lines were generated with the 193M mutation (a high- and low-expressing line)
and one line with wild-type human UCH-L1. We found a significant reduction in the dopaminergic neurons in the substantia nigra and the
dopamine content in the striatum in the high-expressing 193M Tg mice as compared with non-Tg mice at 20 weeks of age. Although these changes
were absent in the low-expressing 193M Tg mice, I-methyl-4-phenyl-1.2.3,6-tetrahydropyridine (MPTP) treatment profoundly reduced
dopaminergic neurons in this line as compared with wild-type Tg or non-Tg mice. Abnormal neuropathologies were also observed. such as
silver staining-positive argyrophilic grains in the perikarya of degenerating dopaminergic neurons, in 193M Tg mice. The midbrains of 193M Tg
mice contained increased amounts of insoluble UCH-L1 as compared with those of non-Tg mice, perhaps resulting in a toxic gain of function.
Collectively, our data represent in vivo evidence that expression of UCHLI™™ leads to the degeneration of dopaminergic neurons.
© 2006 Elsevier Ltd. All rights reserved.

Keywords: Ubiquitin carboxy-tenminal hydrolase L1; Animal model; Parkinson's disease; Dopaminergic neuron

1. Introduction

Parkinson's disease (PD) is the second most common human
neurodegenerative disorder after Alzheimer’s disease (AD)
(Dauer and Przedborski, 2003; Vila and Przedborski, 2004). PD
patients exhibit motor dysfunction, including slowed move-
ment (bradykinesia), resting tremor, rigidity, and postural
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instability (Dauer and Przedborski, 2003). The pathological
basis of PD is the progressive loss of dopaminergic neurons in
the substantia nigra pars compacta, giving rise to a decrease in
dopamine content in the striatum (Dauer and Przedborski,
2003). Although most cases of PD are sporadic, studies of
familial PD have provided accumulating evidence for the
molecular mechanisms of PD. Thus far, at least six proteins
have been identified to cause familial PD: «-synuclein
(Chartier-Harlin et al., 2004; Farrer et al, 2004; Ibanez
et al., 2004; Kruger et al., 1998; Polymeropoulos et al., 1997;
Singleton et al., 2003), UCH-L1 (Leroy et al., 1998), parkin
(Kitada et al., 1998), DI-1 (Bonifati et al., 2003), phosphatase
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