ical technigues included the following: 1) many AVs and
GROD-like inclusions occupied neuronal perikarya at ter-
minal stages of CD—/— and CB—/-CL—/— mouse
brains; 2) like CD—/~ brains, neurons and microglial
cells in CB—/—CL—/— brains showed positive staining of
subunit ¢ and autofluorescence; 3) AVs in which GROD-
like inclusions, together with part of the cytoplasm, were
encircled by double-membrane saccules were often ob-
served in these cathepsin-deficient neurons; 4) massive
staining for LC3 was intensely observed in neuronal
perikarya and dendrites of these mutant brains; 5) in
axons of the corpus callosum of these mutant mice, LC3-
positive granules were not co-localized with lamp1, while
these AVs were primarily encircled by double-membrane
saccules; 6) the ratio of the amounts of LC3-Il to LC3-I
became distincily high at the terminal stages of these
mutant mice by Western blotting, while no clear changes
were detected in the amounts of LC3 mRNA; and 7) LC3
molecules were clearly localized on the membrane of
autophagosomes when examined by the SDS-FRL
method. Based on these data, neuropathological fea-
tures of these mutant mice are summarized in Table 1.

Autophagy Is Involved in the Accumulation of
Lysosomal Compartments in Neurons of
CD—/— and CB—/—CL—/— Mouse Brains

The present study showed that LC3-Il predominated in
CD—/— and CB~/—-CL—/— mouse brains at their terminal
stages and LC3-immunopositive AVs accumuiated in the
perikarya of cathepsin-deficient neurons. Until recently,
no study has shown the presence of endogenous LC3 on
the membrane of autophagosomes in tissue cells by
electron microscopy using the immunogold method, ex-
cept for the present SDS-FRL method. Indeed, humerous
autophagosomes, showing an LC3 signal on their outer
membrane, were present in the neuronal perikarya when
brain tissue was analyzed by the SDS-FRL method. Be-
cause LC3-Il is present on the isolation membrane of
autophagosomes, ' these autophagosomes are likely to
be nascent (AVi). This notion is also supported by the
fact that LC3-positive granules in the perikarya of mu-
tant neurons were often distinct from lampi-positive
lysosomes.

It has been shown that autophagy participates in
neurodegenerative disorders such as Huntington's dis-
ease,®®-%0 Alzheimer's disease,*’~*3 Parkinson’s dis-
ease,** and transmitted spongiform encephalopa-
thy.*=4" The involvement of autophagy has also been
demonstrated in lysosomal storage disease such as
Pompe's disease.*®*® The cerebral cortical neurons of
CD—/— mouse brains show a new form of lysosomal
accumulation disease with a phenotype resembling NCL
(Batten disease)." 221 The present morphometric study
on these CD~/- neurons revealed that lysosomal com-
partments including GROD-like inclusions and fingerprint
profiles, which are typical hallmarks in NCL neurons, and
AVs occupied nearly 42% of the perikaryal volume at
P23. The volume density of GROD-like inclusions rapidly
increased from P15 to P23, corresponding well with in-
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creases in volume densities of AVi and AVd, while nearly
half of AVi contained GROD-like inclusions in CD—-/—
neurons at P23. In cerebral cortical neurons of CB—/—
CL~/- brains at P13, GROD-like inclusions and AVs
were found to occupy nearly 30% of the perikaryal vol-
ume, while ~75% of AVi contained GROD-like inclusions.
These data strongly support the view that autophagy is
involved in the accumulation of lysosomal compartments
in CD—/— and CB-/-CL-/— neurons; in particular,
GROD-like inclusions are likely to be derived from AVi
through Avd.

It has previously been shown that neuropathological
features of CB—/—CL—/— mice resemble a lysosomal
storage disorder that is distinct from classical NCL and
subunit ¢ is not found in accumulated lysosomes of the
mutant neurons.'™ However, the present study demon-
strated that ultrastructural and morphometric features of
CB—/-CL—/- neurons that possessed numerous AVs
and GROD-like inclusions were very similar to those of
CD—/— neurons. Moreover, immunoreactivity for subunit
¢ and autofluorescence were detected in neurons and
F4/80-immunopositive microglial cells of CB—/—CL—/—
brains, while neuronal cells in these mutant mouse brains
were intensely stained for periodic acid-Schiff. It has
been shown that administration of cysteine proteinase
inhibitors such as leupeptin and E64 induces the accu-
mulation of lysosomes with ceroid-lipofuscin in brain cells
of young rats.*° At present, it remains unknown whether
subunit ¢ is one of common substrates of cathepsins B
and L. However, because CB and CL are major cysteine
proteinases in lysosomes of neurons and microglial
cells,?® it is reasonable to assume that the loss of these
two proteinases in part suppresses the degradation of
subunit ¢ in lysosomes of neurons and microglial cells.
From these results it seems likely that the pathological
configuration of CB—/—CL—/— mice is very similar to that
of NCLs.

Moreover, neuropathological features were primarily
similar between CD-/- and CB~—/-CL-/— mouse
brains. In particular, the volume density of GROD-like
inclusions was very similar between CD—/— mice at P23
and CB—/—-CL—/— mice at P13, indicating that neuro-
pathological damages were much severer in CB—/—
CL~/— brains than in CD—/- brains when considering
age difference between the two mutant mice. However,
fingerprint profiles were not observed in CB—/—CL—/—-
mouse neurons but in CD—/— mouse neurons. Such a
difference may be attributed to the difference in accumu-
lated/undegraded substances in lysosomal compart-
ments between the two mutant mouse neurons.

No accumulation of typical storage lysosomes has
been reported in either CB—/— and CL—/— mouse tissue
cells, respectively.'®2° This indicates that CB and CL,
respectively, are dispensable in lysosomal proteolysis. In
CB—/—CL~/~ mouse CNS neurons, however, some
common substrates of CB and CL, although unknown at
present, are not degraded by other lysosomal protein-
ases, resulting in the accumulation of GROD-like inclu-
sions and AVs in the neurons. It has been shown that the
amount of the L.C3-Il form is increased in cultured cells
treated with chloroquine, which raises pH in lysosomes,’
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this indicating that autophagy is enhanced in these cells.
These lines support the view that the presence of undi-
gested substrates in lysosomes such as subunit ¢ in
CD—/~ mice and unknown substrates in CB—/-CL—/-
mice induces autophagy. In other words, the presence of
GROD-like inclusions and AVs with undigested materials
such as GROD-like inclusions may be a potent inducer of
autophagy in neuronal cells. Until recently, it remains
primarily unknown what signaling is essential for auto-
phagosome formation. It has recently been shown that in
conditional Atg7-knockout mice in which autophagy is
absent specifically in the liver, numerous ubiquitinated
aggregates are detected in the cytosol of hepatocytes
with the presence of functional proteasomes.>? This sug-
gests that protein ubiguitination may serve as a signal to
the autophagic process in addition to the proteasomes
pathway.®? The presence of ubiquitin-positive inclusion
bodies is one of the common pathological characteristics
of heurodegenerative diseases including lysosomal stor-
age disorders.®®** Therefore, it may be worthwhile to
analyze the signaling pathway of autophagosome forma-
tion by use of cathepsin-deficient mice in which autopha-
gosomes are abundantly present.

The present RT-PCR study demonstrated that the
amounts of the LC3 gene transcript did not vary between
cathepsin-deficient and control brains af various stages
examined, indicating that changes in amounts of LC3
molecules depend primarily on the posttranslational
events. In intact brains, LC3-| was a major form at each
stage examined, while the amounts of LC3-Il were larger
in CD—/— brains at P8, P15, and P23, and in CB—/-
CL~/— brains at P13 than those of LC3-I, respectively. It
has recently been shown using HelLa cells and primary
hepatocytes that, during starvation-induced autophagy,
the significant amount of LC3-Il is degraded by lysosomal
proteinases and increased when inhibited by cysteine
and aspartic proteinase inhibitors.?3%® In other words,
LC3 is likely to be a substrate of CD and a common
substrate of CB and CL. Moreover, the increase in the
LC3 level by such proteinase inhibitors does not occur
under nutrient-rich conditions.®®*® From these lines of
evidence, it is possible to assume that the significant
increases in amounts of LC3-ll in cathepsin-deficient
brains at each stage are attributed to the fact that auto-
phagy is facilitated and the degradation of LC3 in auto-
phagolysosomes is in part suppressed.

The Accumulation of Nascent AVs in Axons of
the Corpus Callosum Is One of the Pathological

Findings of CD—/— and CB—/—CL—/~ Mouse

Brains

Under various pathological conditions, vacuolar struc-
tures with double and single membranes, muttilameilar
bodies, and dense bodies have been demonstrated to
appear in axons of CNS tissues and cultured neu-
rons.*”:57-69 |n addition to these ultrastructural analyses
and monodansylcadaverine staining for the demonstra-
tion of AVs in axons of CNS tissues, the present study

showed that AVs found in axons of CD-/- and
CB—/-CL—/~ mouse brains were immunopositive for
LC3 and negative for lamp1 by double immunostaining
and primarily encircled by ER-like membrane saccules,
These data indicate the followings: 1) there are machin-
eries required for autophagosome formation in axons of
brain tissue, 2) AVs in axons of the corpus callosum in
CD—/- and CB~/-CL~/~- brains are primarily nascent,
and 3) the accumulation of AVs in the axons that may
correspond well with meganeurites/spheroids could be
one of pathological findings in these mutant mouse
brains resembling NCLs. These AVs formed in distal
axons usually undergo regulated transport back to the
cell body, although it remains unknown how and where
such nascent AVs in the axons are acidified and the
degradation starts. However, the present results showing
enormous accumulation of AVs in axons of the mutant
neurons suggest that retrograde axonal transport is im-
peded in these mutant neurons.

Moreover, the present immunohistochemical study on
LC3 demonstrated that the accumulation of AVs was also
found in dendrites of the cerebellar and cerebral cortical
neurons from the cathepsin-deficient mouse brains.
These accumulated AVs did not differ from those in the
perikarya of neurons from the mutant mouse brains when
analyzed by electron microscopy (Supplemental Figure 2
at http://ajp.amjpathol.org). Recently, autophagosomes/
AVi, multivesicular bodies, multilamellar bodies, and
cathepsin-containing autophagolysosomes have been
shown to be the predominant organelles and accumulate
in large number in dystrophic neurites of brains from
Alzheimer's disease.®' Considering the fact that various
types of AVs including cathepsin-positive autophagoly-
sosomes are present in dystrophic neurites,®* such AVs
detected in the case of AD may be different from those in
axons of cathepsin-deficient brains and, if anything, re-
semble those in dendrites of the mutant mouse brains.
Although the acidification and transport system may be
dependent primarily on disease situations, the accumu-
lation of AVs in the cases of cathepsin-deficient brains is
apt to occur earlier and more frequently in axons than in
dendrites.

The Conversion of LC3-/ to LC3-l and Positive
Staining of LC3 Are Also Excellent Markers for
Induction of Autophagy in Brains

The behavior of LC3-ll has been defined in murine em-
bryonic stem cells,®® the soleus muscles of chloroguine-
treated rats,®' in rat podocytes,®*® and in embryonic tis-
sue cells of lamp1 and lamp2 double-deficient mice 5®
Based on experiments using transgenic mice systemi-
cally expressing LC3 fused to green fluorescent protein
(GFP-LC3), it has been proposed that the regulation of
autophagy is organ-dependent and the role of autophagy
is not restricted to the starvation response.?® In most
peripheral tissue cells, autophagy is distinctly induced
under fasting conditions, whereas starvation does not
induce autophagy in brain tissue.?® Although the ques-
tion of why autophagy is not induced in brain tissue after



starvation has not yet been answered, it is likely that

ischemia,®® proteinase inhibitors such as leupeptin,®©
and lysosomal proteinase deficiencies, as shown in the
present study, enhance autophagy activity in CNS neu-
rons. In fact, in GFP-LC3-expressing CD—/— mouse
brains, GFP-LC3 was converted from GFP-LC3-| into
GFP-LC3-II without interfering the conversion of endoge-
nous LC3-[ to LC3-ll. More importantly, the accumulation
of autophagosomes in CD~/— mouse brains, evidenced
by electron microscopy and LC3 immunocytochemistry,
was confirmed also by the finding that GFP-LC3-positive
granules were accumulated in neuronal perikarya and
dendrites of GFP-LC3/CD~/~ mouse brains.
Collectively, the current data demonstrate that accu-
mulated lysosomal structures with undigested substrates
in neurons of CD—/— or CB—/—CL—/— mouse brains are
primarily LC3-immunopositive, suggesting that these
structures are derived from autophagosomes and also
that autophagy is highly induced in these mutant mouse
brains. These lines of evidence suggest that the activa-
tion of autophagy plays a pivotal role in the accumulation
of lysosomal structures in CNS neurons of mouse models
for NCL (Batten disease)/lysosomal storage disorders.
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Abstract

Changes in synaptic efficacy at the parallel fiber (PF)-Purkinje cell (PC) synapse are postulated to be a cellular basis for motor learning.
Although long-term efficacy changes lasting more than an hour at this synapse, i.e., long-term potentiation and depression, have been extensively
studied, relatively short lasting synaptic efficacy changes, namely short-term potentiation (STP) lasting for tens of minutes, have not been discussed
to date. Here we report that this synapse shows an apparent STP reliably by a periodic burst pattern of homosynaptic stimulation. This STP is
presynaptically expressed, since it accompanies with a reduced paired-pulse facilitation and is resistant to postsynaptic Ca* reduction by BAPTA
injection or in P/Q-type Ca channel knockout cerebella. This novel type of synaptic plasticity at the PF-PC synapse would be a clue for

understanding the presynaptic mechanisms of plasticity at this synapse.

© 2006 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.
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1. Introduction

Plastic changes in synaptic efficacy are considered to be the
cellular level of expression of the brain function, namely
learning and memory. Long-term potentiation (LTP) of
synaptic efficacy of excitatory synaptic potentials (EPSPs) at
the Shaffer collateral and pyramidal cell synapse in the
hippocampus CA1l area is one of the most extensively studied
models for synaptic plasticity. In this synapse, potentiation
induced by high frequency stimulation has been classified into
three phases. Post-tetanic potentiation (PTP) is characterized
by its shortest duration, terminating within seconds (Zucker and
Regehr, 2002), which is followed by short-term potentiation
(STP) lasting for 30-60 min. TP follows STP, and lasts for
hours to days. The nature of STP and the relationships between
STP and LTP are still under debate. One hypothesis suggests
that STP is a premature form of LTP in which LTP-induction
stimulation was not enough to drive the plastic changes to a
stable state (Gustafsson and Wigstrom, 1990; Hanse and
Gustafsson, 1994). Another view is that the transient phase

* Corresponding author. Tel.: +81 3 5449 5320; fax: +81 3 5449 5420.
E-mail address: tinoue@ims.u-tokyo.ac.jp (T. Inoue).

(STP) does not share cellular mechanisms with LTP (Schulz
and Fitzgibbons, 1997; Volianskis and Jensen, 2003). The
mechanistic nature and its role in synaptic encoding of STP in
the CA1 pyramidal cell are unknown, which are awaited for the
theories of memory retention and encoding (Albright et al.,
2000).

The cerebellar cortex has been suggested to include an
essential circuit for certain forms of motor learning, including
associative eyeblink conditioning and adaptation of the
vestibulo-ocular reflex. One cellular model system thought
to contribute to learning in this structure is cerebellar long-term
depression (LTD) in which coactivation of inferior olivary
(climbing fiber) and granule cell (parallel fiber; PF) inputs
to a Purkinje cell (PC) induces a persistent, input-specific
depression of the PF-PC synapse (Ito, 2001). The converse
phenomenon, cerebellar long-term potentiation (LTP), has also
been described in which PF-PC synapses are strengthened by
repetitive PF stimulation at low frequencies (Sakurai, 1987,
1990; Hirano, 1990, 1991; Crepel and Jaillard, 1991; Shibuki
and Okada, 1992; Salin et al.,, 1996; Linden, 1997, 1998;
Kimura et al., 1998; Storm et al., 1998; Linden and Ahn, 1999,
Jacoby et al., 2001; Lev-Ram et al., 2002). In recent years, the
molecular bases of cerebellar LTP have begun to be revealed.
During sustained stimulation at 2-8 Hz, Ca** influx into
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presynaptic terminals activates PKA through activation of the
Ca/calmodulin-sensitive adenylate cyclase and production of
cAMP (Salin et al., 1996; Linden, 1997; Chavis et al., 1998;
Linden and Ahn, 1999; Jacoby et al., 2001). An active zone
protein RIM1o has been shown to be a potent target of PKA for
LTP induction at this synapse (Castillo et al., 2002; Lonart
et al., 2003). Besides this presynaptic LTP, Lev-Ram et al.
(2002) reported a postsynaptic form of LTP, which depends on
nitric oxide, induced by 1 Hz PF stimulation at the PF-PC
synapse.

Compared with the rather accumulated knowledge about the
molecular basis of LTP at the PF-PC synapse, nothing has been
discussed so far about potentiation of synaptic efficacy lasting a
middle range of period, i.e., tens of minutes, like STP at the
CA3-CALl synapse. Here we report that PFE-PC synapse shows
STP which lasts 20-30 min reliably by a periodic burst pattern
(five shocks at 50 Hz at a frequency of 1 Hz for 90 s). This form
of synaptic plasticity would be a clue for understanding the
presynaptic mechanisms of plasticity at this synapse.

2. Materials and methods
2.1. Preparation of cerebellar slices

Parasagittal cerebellar slices were prepared from 1417 days old C57BL/6J
mice (CLEA Japan Inc., Japan) or homozygous P/Q-type Ca channel (o4
subunit) knock out mice (F7-F9 hybrid of 129 and C57BL/6] lines; Kulik et al.,
2004) of either sex. Standard techniques were used to prepare 250 pm thick
parasagittal cerebellar slices (Kuruma et al., 2003) using a vibratome-type tissue
slicer (Leica Microsystems, Germany). Slices were incubated for 30 min at
37 °C and then kept at room temperature until recording, in the artificial
cerebro-spinal fluid (ACSF) containing (in mM) 124 NaCl, 2.5 KCl, 2 CaCl,,
2 MgCl,, 1.25 NaH,POy, 20 p-glucose, 26 NaHCO; and saturated with 95% O,
and 5% CO,. All experimental procedures were performed in accordance with
the instructions of the Institute of Medical Science, The University of Tokyo for
animal care and use.

2.2. Electrophysiology

Slices were transferred to recording chamber and continuously superfused
with ACSF containing 10 pM bicuculline methochloride (Tocris, UK) at
2.5 ml/min, 30-32 °C. Visually guided patch clamp methods are described
previously (Kuruma et al,, 2003). Patch pipettes were pulled with an open tip
resistance of 3—6 M{) when filled with an internal pipette solution containing (in
mM) 140 K-gluconate, 10 Hepes, 4 NaCl, 4 MgATP, 0.3 NaGTP, 0.2 bis-fura-2,
and pH was adjusted to 7.3. For the experiment of intracellular infusion of
BAPTA, 20 mM BAPTA (Sigma-Aldrich Co., USA) was added to the pipette
solution prior to the pH adjustment. Osmolarity of internal solutions was
adjusted between 280 and 290 mOsm.

Tightly sealed patch membrane was ruptured and the membrane potentials
were recorded in current clamp mode using an Axoclamp 2B amplifier
(Molecular Devices Corp., USA). Membrane potentials were kept at
—65 mV by injecting negative currents. Experiments were rejected if the
holding current exceeded —650 pA, or the junction potential drift was greater
than +5 mV, or the access resistance exceeded 25 M{). Input resistances were
120 M£ to more than 1 G{). Initial access resistances were varied among 10—
20M(}, and continuously compensated during recording periods. PF-PC
synaptic responses were evoked with a glass electrode with an open tip of
1-3 pm, filled with ACSF, placed on the surface of the distal part of molecular
layer of slices.

Excitatory postsynaptic potentials (EPSPs) were evoked at 0.2 Hz by
constant-current pulses of 520 pA for 200 ps. Prior to each PF stimulus, a

hyperpolarizing current pulse was injected through the patch pipette to monitor
the series and input resistances and also to prevent cell firing, and the peak
amplitude of EPSP was compensated by fitting hyperpolarizing Vm curve with
a single exponential function.

After a stable baseline recording of EPSPs (4-10 mV in amplitudes), STP
was induced by 90 trains of five shocks at 50 Hz at a frequency of 1 Hz. During
the STP inducing stimuli were applied, membrane current was recorded in the
voltage clamp mode at ~60 mV and simultaneous Ca?* imaging was performed.
In BAPTA infusion experiments, STP was induced more than 15 min after
whole-cell rupture. Cells with unstable baseline recording (>4-5% deviation of
the normalized EPSP in any of each 2 min recording during a 6 min baseline
period in PPF and BAPTA experiments and during 10 min in other experiments)
were excluded from the analysis.

2.3. Paired-pulse facilitation

Paired-pulse facilitation was measured before and after the STP induction:
just prior to STP induction and at 5, 10, 15 and 20 min after the STP induction.

Each PPF test consisted of five trains of paired pulse of 80 ms interval
separated by 5 s. EPSC was used as an index of synaptic strength in the PPF
experiment, because measuring synaptic strength as EPSC in voltage-clamp
mode has the merit to suppress voltage-activated currents which would bias
especially the amplitude of facilitated second synaptic response to a pair of
stimuli. However, we preferred the EPSP amplitude as an index for the long-
term changes in synaptic efficacy, because EPSC amplitude is more sensitive to
changes in the series resistance.

2.4. Fluorescence imaging of calcium concentration

Cytosolic Ca®* concentration changes were measured by fluorescence
changes of bis-fura-2 loaded through patch pipettes. Detailed methods were
described previously (Kuruma et al., 2003) with a difference in a CCD camera
type. An ORCA ER (Hamamatsu Photonics, Japan) was used as a detector. Ca®*
imaging was performed only during the STP-induction stimulation. Bis-fura-2
was loaded from the cell body for at least 20 min, and after stable baseline of
EPSP was recorded, focus of microscope was adjusted on a part of dendrite
close to the tip of stimulating electrode by means of bis-fura-2 fluorescence.
Soon after, the STP-inducing stimuli were applied. A set of three consecutive
image stacks each of which covers each Ca®* transient evoked by a train of
50 Hz stimuli was taken every 29 s, and the total 12 fluorescence image stacks
were used to create an averaged image to improve S/N ratio, and rectangular
regions of interest (ROIs) of proper size were placed on the dendritic area.
Fluorescence intensities (F) included in each ROI were averaged to represent
fluorescence signal of the ROI. Ca?* signals were represented by AF/F, where
Fyis F of the first frame and AF is F — F, to normalize uneven distribution of
chromophore. ROI positions were determined as to maximize the Ca®* tran-
sient, When amplitude of evoked Ca?* transient was smaller than 3 x S.D. of
the baseline signal, the record was omitted from the analysis.

2.5. Data analysis

Electrophysiological and Ca®* imaging data were acquired and analyzed
using custom software TI workbench (written by T.L).
All the data are expressed as mean + S.EM.

3. Results

We examined the effect of periodic burst stimuli at the PF-
PC synapse in acute mouse cerebellar slice. Ninety trains of
periodic bursts, which consist of five pulses at 50 Hz PF stimuli,
at a frequency of 1 Hz resulted in a robust potentiation in
synaptic efficacy which lasted for 10-20 min (Fig. 1). EPSP
amplitudes were increased to 139.4 4 5.6% of baseline 5 min
after the burst stimulation (Fig. 1B, n = 12), which gradually
decayed and returned to the baseline level after 20 min. This
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Fig. 1. Periodic burst stimuli induced STP at the PF-PC synapse which lasted
20-30 min. PF burst stimuli were applied after 10 min of stable baseline
recording, and changes in EPSP amplitude were recorded thereafter. Monitoring
EPSP amplitudes was done at 0.2 Hz throughout the recordings. (A) A
representative trace of STP. Inset shows two overlaid EPSP traces before
and 5 min after the STP induction each of which is an average trace of
consecutive 24 traces (2 min). Apparent potentiation in EPSP amplitude is
shown, while preceding overlapping hyperpolarizations induced by constant
negative current injections indicate no apparent change in the postsynaptic
membrane conductance. (B) Averaged result. Each data point shows mean
normalized EPSP amplitude 4 S.E.M. of consecutive 2 min records (rn = 12).

periodic burst stimulation is similar to the stimulation protocol
used for LTD induction at PF-PC synapse in rat cerebellar
slices (Eilers et al., 1997), however, we detected only slight
depression (~90% of baseline on average) at 30 min after the
periodic burst stimulation.

To distinguish whether the observed STP is expressed at pre-
or postsynapse, we measured paired-pulse facilitation (PPF)
before and after the short burst stimuli. Paired-pulse facilitation
is associated with a residual Ca®* transient in the PF terminal
after the first action potential (Atluri and Regehr, 1998) and an
increase in transmitter release (Zucker and Regehr, 2002).
Changes in the paired pulse ratio of the second pulse to the first
can be affected by known modulators of transmitter release and
are generally taken to reflect changes in the release probability
(Dittman and Regehr, 1996). Paired pulse ratio was signifi-
cantly decreased after the burst stimuli (Fig. 2, P < 0.01 at 5
and 10 min after stimuli, compared with the paired pulse ratio
taken just before the burst stimuli, paired z-test, n = 5). Paired
pulse ratio returned to the baseline level 20 min after the burst
stimuli in parallel with the decay of the increased amplitude of
EPSPs. These results suggest that presynaptic mechanisms,
which affect the paired pulse ratio, underlie the observed STP at
least to some extent.

Next we examined the contribution of Ca®* dependent
mechanism to the generation of STP. In hippocampal CA3—
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Fig. 2. Paired pulse ratio decreased in accordance with EPSP potentiation, and
gradually recovered in parallel with the decay of STP. (A) Representative traces
of EPSCs in response to a pair of PF stimuli separated by 80 ms recorded before
and 5 min after PF short burst stimulation. (B) Time course of EPSP amplitude
and paired pulse ratio. Paired pulse ratio decreased after STP induction and
gradually returned to the baseline level by 20 min. This time course was almost
in parallel with that of change in EPSP. *P < 0.01, compared with the value at
time zero (just before STP induction), paired stest, n=5.

CAl synapses, STP requires N-methyl-p-aspartate (NMDA)
receptor mediated postsynaptic Ca** elevation (Malenka and
Nicoll, 1993). As PCs do not express functional NMDA
receptors (Konnerth et al., 1990; Perkel et al., 1990; Farrant and
Cull-Candy, 1991), voltage-gated Ca channels may play a
pivotal role for regulation of cytoplasmic Ca>* dynamics in PC
dendrites (Kuruma et al,, 2003; Hartmann and Konnerth,
2005). To investigate the involvement of Ca®* signals in the
induction of STP, we tested the effect of ablation of P/Q-type Ca
channel, which is the major subtype of voltage-gated Ca
channel expressed in PC (Usowicz et al., 1992). PE-PC
synapses of mouse with disrupted o1 A genes, encoding a pore-
forming subunit of P/Q-type Ca channel, showed almost the
same time course of STP induction and decay over 10-20 min
(Fig. 3A). During the STP induction period, amplitudes of Ca®*
transients evoked by each PF burst were measured in PC
dendrites (see Section 2). Since severe reduction in Ca®*
transient evoked by the STP inducing stimuli was detected in
knockout PC dendrites (8.3 4+ 12% in wild type and
3.8 £0.5% in AF/F in mutants, P < 0.05, Mann-Whitney
test, n = 9 and 3, respectively), it may be less plausible that the
postsynaptic Ca* changes play a major role in the STP
expression.

To further examine whether the postsynaptic Ca®* take a part
in the expression of STP, we inhibited postsynaptic Ca>*
changes by loading Ca?* chelator BAPTA (20 mM) through
patch pipettes, which condition totally blocks postsynaptically
expressed LTD at the PF-PC synapse (Konnerth et al., 1992;
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Fig. 3. Inhibition of postsynaptic Ca®"* did not affect the amplitude and time
course of STP. (A) P/Q-type Ca channel knockout mouse. The PF-PC synapse
of P/Q-type Ca channel knock out mice (# = 3) showed similar time course and
amplitude of EPSP changes as those of wild type (n = 12, same trace as shown in
Fig. 1B). (B) Postsynaptic BAPTA infusion. Postsynaptic BAPTA infusion
(20 mM; 1 = 5) had no obvious effect on the amplitude and overall time course
of STP. Averaged STP time course of wild type is overlaid (n = 12, same data set
as shown in Fig. 1B).

Reynolds and Hartell, 2000) while presynaptically expressed
LTP unaffected (Salin et al., 1996). After STP inducing short
burst PF stimulation, EPSP amplitude was increased by
149 £ 12% of baseline and gradually decayed in a time course
similar to that of control experiments (Fig. 3B). This result
further suggests that STP is independent of postsynaptic Ca®*
dependent mechanisms. All the results suggest that STP
induced by the short burst stimuli at PF-PC synapse is
expressed presynaptically.

4, Discussion

‘We have shown here that repeated burst stimuli at the PE-PC
synapse result in potentiation in synaptic efficacy lasting for
20-30 min. Such “‘short-term potentiation™ of a range of 10~
30 min has been well characterized at the Schaffer collaterals
and pyramidal cell synapse in the hippocampus CAl area,
where STP is phenomenologically isolated from much shorter
PTP of second-long (Zucker and Regehr, 2002) and from much
longer LTP which lasts more than hours (Volianskis and Jensen,
2003). STP has been related to an early phase of LTP
(Gustafsson and Wigstrom, 1990; Malenka, 1991; Colino et al.,
1992; Hanse and Gustafsson, 1994; Xie et al., 1996), or STP
and LTP have been considered as reflections of two distinct
phenomena (Kauer et al., 1988; Schulz and Fitzgibbons, 1997,
Volianskis and Jensen, 2003). The mechanistic nature and its

role of STP in the hippocampus CAl area are thus still under
debate.

The mossy fiber—pyramidal cell synapse in the hippocampus
CA3 region is also extensively studied for LTP, however,
existence of STP-like synaptic efficacy change has been rarely
discussed in this synapse. Exceptionally, mossy fiber synapse
from mice lacking genes encoding Rab3A (Castillo et al., 1997)
or RIMla (Castillo et al., 2002) lacks LTP and potentiated
synaptic efficacy returns to the basal level within 10-20 min.
The PF-PC synapse shares some features with the mossy fiber—
pyramidal cell synapse. Both synapses show presynaptically
expressed PKA-dependent LTP (Nicoll and Malenka, 1995;
Salin et al., 1996; Linden, 1997; Chavis et al., 1998; Linden and
Ahn, 1999; Jacoby et al., 2001). And further, the PF-PC LTP
also depends on RIM1a, as it returns to the baseline within 10—
20 min in RIMla knockout mice (Castillo et al., 2002).
Without this exception, there has been no report about STP-like
synaptic potentiation which decays over 20-30 min in the PF-
PC synapse. If STP revealed in this study share molecular
mechanisms with the LTP induction in this synapse, the STP
induction protocol employed in this study might be a clue fo
dissect the molecular mechanisms of early steps of LTP
induction at PF-PC synapse. Or it would be also interesting if
STP found in this study is a distinct phenomenon from LTP.

We revealed that STP found in this study is presynaptically
expressed according to the following observations. Firstly, STP
was accompanied by a decrease in paired pulse ratio with a
similar recovery time course (Fig. 2B). Changes in the paired
pulse ratio of the second pulse to the first are generally taken to
reflect changes in the release probability (Dittman and Regehr,
1996). Secondly, STP was not affected by postsynaptic BAPTA
loading which blocks postsynaptic Ca®* dependent events
(Fig. 3B). Finally STP was similarly observed in P/Q-type Ca
channel knockout mice (Fig. 3A), in which amplitudes of
postsynaptic Ca®* transients evoked by the STP-inducing
stimulation were apparently reduced (see Section 3). Whether
or not this STP and presynaptically expressed LTP are
reflections of a single process of potentiation that includes
multiple phases or whether this STP and the LTP are distinct
phenomena remained to be elucidated.

Eilers et al. (1997) reported a homosynaptic LTD at the PF-
PC synapse by a similar stimulation pattern as used in this
study. Two to five pulses at 10-50 Hz at a frequency of 1 Hz for
1-2 min resulted in a robust depression of PF synaptic
responses (58%). We did not observe such a robust long-
lasting depression of PF responses in this study (~90% of
baseline 30 min after the induction) with five pulses at 50 Hz at
a frequency of 1Hz for 1.5 min, but did observe STP.
Differences in the experimental conditions may explain the
different results: mouse was used in this study and rat in the
other, and the bath temperature was 30-32 °C in this study and
20-22 °C in the other. Nevertheless, we do not consider that the
STP observed in this study is simply an overlap of postsynaptic
LTD and presynaptic LTP, because STP was not affected by
postsynaptic loading of BAPTA (Fig. 3B) and the time course
of paired pulse ratio change was in accordance with that of
synaptic efficacy change (Fig. 2B).
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The stimulation pattern for induction of STP employed in
this study was different from the LTP-inducing stimulation
patterns employed in recent studies in that the former is
composed of periodic burst of 50 Hz trains and the latter uses
evenly spaced pulses at 2-8 Hz (Salin et al.,, 1996; Linden,
1997; Chavis et al., 1998; Linden and Ahn, 1999; Jacoby et al.,
2001). Although the averaged numbers of stimuli of the both
stimulations fall in the same range (5 times/s versus 2—-8 Hz),
bursting action potentials at the PF terminal might result in
much higher accumulation of Ca®* in presynapse which would
result in a different consequence, i.e., STP, from the slow and
evenly spaced arrival of action potentials. Since the firing
frequency of cerebellar granule cells is around 10-50 Hz at
resting and increased by 50-100 Hz under sensory stimulations
recorded in vivo (Ito, 2001; Chadderton et al., 2004), the
periodic bursting PF stimuli employed in this study may
represent a physiologically occurring firing pattern.
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ORP150/HSP12A Regulates Purkinje Cell Survival: A Role for
Endoplasmic Reticulum Stress in Cerebellar Development

Yasuko Kitao,! Kouichi Hashimoto,? Tomohiro Matsuyama,* Hiroyuki Iso,’ Takeshi Tamatani,! Osamu Hori,'?
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The endoplasmic reticulum (ER) stress response contributes to neuronal survival in ischemia and neurodegenerative processes. ORP150
(oxygen-regulated protein 150)/HSP12A (heat shock protein 12A), a novel stress protein located in the ER, was markedly induced in
Purkinje cells maximally at 4 -8 d after birth, a developmental period corresponding to their vulnerability to cell death. Both terminal
deoxynucleotidyl transferase-mediated biotinylated UTP nick end-labeling analysis and immunostaining using anti-activated caspase-3
antibody revealed that transgenic mice with targeted neuronal overexpression of ORP150 (Tg ORP150) displayed diminished cell death in
the Purkinje cell layer and increased numbers of Purkinje cells up to 40 d after birth (p < 0.01), compared with those observed in
heterozygous ORP150/HSP12A-deficient (ORP150 */~) mice and wild-type littermates (ORP150 */*), Cultured Purkinje cells from Tg
ORP150 mice displayed resistance to both hypoxia- and AMPA-induced stress. Behavioral analysis, using rotor rod tasks, indicated
impairment of cerebellar function in Tg ORP150 animals, consistent with the concept that enhanced survival of Purkinje cells results in
dystunction. These data suggest that ER chaperones have a pivotal role in Purkinje cell survival and death and thus may highlight the

importance of ER stress in neuronal development.

Key words: apoptosis; [Ca]; cerebellum; death; Purkinje cell; glutamate; neuronal cell death; calbindin; cerebellar ataxia

Introduction
Among cells constituting the CNS, neurons are especially vulner-
able to fluctuations in the extracellular environment, including
ischemic stress, trauma, and a range of infectious challenges.
Moreover, within the general population of neurons, certain sub-
sets display enhanced vulnerability to particular toxic insults.
One mechanism often invoked to explain neuronal susceptibility
to stress is their response to glutamate (Coyle and Puttfarchen,
1993). For example, in ischemia, glutamate toxicity is likely to
exacerbate neuronal death, along with hypoxia, glucose depriva-
tion, and the generation of reactive oxygen intermediates (Sies-
joe, 1988). Glutamate—receptor interaction ultimately triggers el-
evation of intracellular [Ca®*] ([Ca®"]i), the final common
pathway of cell death attributable, at least in part, to activation of
intracellular Ca?"-dependent proteinases, such as calpain/ca-
thepsin, caspases, and p35 (Lee et al., 2000). Thus, cellular mech-
anisms that buffer these events could have a protective role, po-
tentially early in the ischemic process.

In contrast, astrocytes are considerably more resistant to en-
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vironmental challenge. On the basis of this phenotypic difference
in cell behavior, we have cloned a stress protein induced by oxy-
gen deprivation, ORP150 (oxygen-regulated protein 150), and
have shown it to have a central role in cellular survival in hypoxia
(Kuwabara et al., 1996; Ozawa et al., 1999). Subsequently, we
analyzed neuronal expression of ORP150 and found that it con-
tributes to maintenance of cell viability in ischemia, although the
time course and level of ORP150 expression were quite different
than in astrocytes (Tamatani et al., 2001). In hippocampal neu-
ronal cultures, ORP150 induced in the endoplasmic reticulum
(ER) in response to hypoxia stabilized [ Ca** ]i, thereby suppress-
ing activation of Ca**-dependent proteinases (Kitao et al., 2001).
Furthermore, adenovirus-mediated expression of ORP150 in the
hippocampus suppressed, at least partly, delayed neuronal cell
death (Miyazaki et al., 2002). These data suggest a central role for
the ER-associated molecular chaperone ORP150 in the defense of
neurons to environmental stress.

Cerebellar Purkinje cells represent a group of neurons highly
vulnerable to ischemic and excitotoxic stress (Welsh et al., 2002).
The effect of ischemic stress on Purkinje cells has been difficult to
analyze in vivo because of methodological difficulties, especially
in mice (Hata et al., 1993; Sieber et al., 1995). However, it has
become clear that ischemia-related stress responses are operative
during brain development, suggesting an overlap of basic cellular
properties marshaled to deal with physiological and pathological
environmental conditions (Calabrese et al., 2002). Therefore, a
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strategy contributing to Purkinje cell survival in development
might also lead to recognition of protective mechanisms relevant
to pathophysiological situations.

In this report, we demonstrate that expression of ORP150 in
the cerebellum occurs especially in Purkinje cells early after birth.
Purkinje cell death observed in this developmental period was
correlated with induction of ORP150, potentially representing
incomplete protection attributable to insufficient endogenous
expression of ORP150, compared with other cell types, such as
astrocytes (Tamatani et al., 2001). Consistent with this concept,
transgenic (Tg) mice with targeted neuronal overexpression of
ORP150 displayed decreased Purkinje cell death and increased
numbers of Purkinje cells in the cerebellum (with associated
changes in cerebellar function), whereas the opposite was ob-
served in mice heterozygous for deletion of the ORP150 gene
(ORP150 */~; note that ORP150 ~/~ mice display an embryonic
lethal phenotype). These data suggest the role of ER stress,
through induction of ORP150, and, potentially, other factors in
modulating Purkinje cell vulnerability during development and
postnatally in stress responses.

Materials and Methods

Animals. Mice deficient in ORP150 were originally generated by Kitao et
al. (2001). Germ line transmission of the mutationally inactivated
ORP150 gene was achieved, and mice were backcrossed into the C57BL/6
strain (N10). Genotype assignment of offspring was determined by
Southern blotting of genomic DNA from tails. Transgenic mice with
targeted neuronal expression of wild-type ORP150 were made using the
platelet-derived growth factor (PDGF) B-chain promoter (Sasahara et
al., 1991). The latter animals were made and characterized as described
(Tamatani et al., 2001). Offspring that carried the transgene were iden-
tified by Southern blotting and bred into the C57BL/6 strain (N10).

Histochemistry. Animals were perfused with paraformaldehyde (4%)
under deep anesthesia, and brains were cut into parasagittal slices on a
cryostat. Sections were processed for cresyl violet staining or for immu-
nohistochemistry using anti-rabbit human ORP150 IgG (5 pg/ml; Ku-
wabara et al., 1996; Kitao et al., 2001; Ozawa et al., 2001), monoclonal
mouse anti-calbindin D4, 1gG (Sigma, St. Louis, MO; 1:1000 dilution),
mouse anti-growth arrest- and DNA damage-inducible gene 153/CHOP
(C/EBP-homologous protein) IgG (Santa Cruz Biotechnology, Santa
Cruz, CA; 1:100 dilution), mouse anti-Lys-Asp-Glu-Leu (KDEL) IgG
(Stressgen Biotechnologies Co. ; 1:500 dilution), rabbit anti-HSP72 (72
kDa heat shock protein) IgG (Stressgen Biotechnologies Co. ; 1:500 di-
lution), or mouse anti-activated JNK1 (Jun kinase 1) IgG (Sigma; 1:100
dilution). The density and size of Purkinje cells were calculated as de-
scribed previously (Baader et al., 1998). In brief, every 10th section (10
wm thickness) was evaluated by counting the number of Purkinje cells.
The mean Purkinje cell (PC) number per section was derived from five
sections. For area measurements, every third section (40 pm thickness)
was measured in a digital captured image using Photoshop software
(Adobe Systems, Tokyo, Japan). The cell density and size were also mea-
sured in the granular cell layer according to the protocol by Kakizawa et
al. (2000). In brief, mice were perfusion-fixed at 30 d after birth. After the
staining of a sagittal section (10 pm thickness) with cresyl violet, granular
cell density in lobules 4 and 5 was counted. In each case, two observers
without knowledge of the experimental protocol evaluated sections, and
experiments were repeated at least three times.

Assessment of neuronal cell death in vivo. Parasagittal cerebellar sec-
tions were evaluated by terminal deoxynucleotidyl transferase-mediated
biotinylated UTP nick end-labeling (TUNEL) staining (Trevigen Apo-
ptotic Cell System 2 terminal deoxynucleotidyl transferase-fluor in situ
apoptosis detection kit; Trevigen, Inc.) and immunostaining with anti-
body to activated caspase-3 (Genzyme, Boston, MA; 0.3 ug/ml final con-
centration). Calbindin Dyg-positive neurons were identified as Purkinje
cells and counted in sections in three fields (magnification, 40X; Fan et
al., 2001). Purkinje cells staining positively by either the TUNEL method
or with anti-activated caspase-3 antibody were scored as dead cells. Neu-
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rons in the other parts of the brain were identified by immunostaining
with anti-MAP2 antibody (Kitao et al., 2001). Neuronal cell death was
assessed by an overlapping distribution of either TUNEL or activated
caspase-3 staining and MAP2-positive cells. In each case (studies involv-
ing TUNEL assay and immunocytochemistry), two observers without
knowledge of the experimental protocol evaluated sections and experi-
ments were repeated at least three times.

Cell culture of cerebellar neurons. Primary cultures of cerebellar cells
were prepared from cerebella of mouse pups (embryonic day 18) as
described by Netzeband et al. (1999), followed by determination of ge-
notype by PCR (Kitao et al., 2001). In brief, cerebellar cortices were
isolated from the surrounding tissue and then minced and triturated
without enzymatic treatment in saline containing (in mm): 137 NaCl, 5.4
Kdl, 0.17 Na,HPO,, 0.22 KH,PO,, 33.3 glucose, 43.8 sucrose, and 10
HEPES-NaOH, pH 7.3. Cells were plated on 15 mm round coverslips
{~10°7 cells per slip) coated with poly-L-lysine (Sigma). Cultures were
then placed on a feeder layer of astrocytes, which were incubated in
DMEM (Sigma) supplemented with horse serum (heat-inactivated,
10%), fetal calf serum (heat-inactivated, 10%), and glucose (5 gm/1). The
medium was exchanged twice weekly, and experiments were performed
after cells had been maintained for 9 d in vitro.

Assessment of Purkinje cell death in vitro. Purkinje cell death triggered
by either excitotoxicity or oxygen deprivation was assessed as described
by Brorson et al. (1995). In brief, cells plated on chamber slides were
exposed to either AMPA (30 uM; Sigma) or vehicle (PBS) dissolved in
HEPES-buffered saline containing tetrodotoxin (0.5 um) and bicuculline
(20 pm) for 20 min, as described (Brorson et al., 1995). After exchange of
the medium, cells were further maintained under normoxic conditions
for up to 24 hr. To determine cell viability in the setting of oxygen depri-
vation, cultures were either exposed to hypoxia, using a controlled envi-
ronment chamber (Ogawa et al., 1990), or maintained in normoxia for
up to 24 hr. In each experiment, cultures on chamber slides, treated in the
same manner, were immunostained with antibody to calbindin D,gq.
Calbindin D,y -positive and -negative cells were counted to achieve to-
tals of >100 for each condition by a blinded evaluator. Survival of calbi-
ndin D, -positive neurons under each condition was calculated as rela-
tive survival based on the quotient of calbindin D, -positive cells under
that condition divided by calbindin D,g-positive cells present under
control conditions. Similarly, the specific survival of calbindin D, -
negative neurons under each condition was calculated as relative survival
based on the quotient calbindin D, -negative cells under that condition
divided by calbindin D,g-negative cells under control conditions. No
qualititative change in the appearance of the calbindin D,g staining
pattern was observed in surviving neurons. Survival of calbindin D, g -
positive or -negative cells was determined by at least three separate
experiments.

Western blot and analysis. Levels of ORP150 antigen in tissue extracts
were determined semiquantitatively by immunoblotting, as described
(Kuwabara etal., 1996). Tissue extracts were prepared in PBS containing
NP-40 (1%), and proteins were separated by SDS-PAGE and transferred
to polyvinylidene difluoride paper, followed by incubation with either
anti-human ORP150 antibody (1 ug/ml) or anti-human B-actin anti-
body (1000X dilution; Sigma), the latter as an internal control. Where
indicated, Western blotting using anti-KDEL monoclonal antibody
(Stressgen Biotechnologies Co.; 0.2 ug/ml) was used to assess levels of
GRP78 (78 kDa glucose-regulated protein; Ozawa et al., 1999). Densito-
metric evaluation was employed to assess ORP150 antigen using imaging
software (Adobe Photoshop).

Behavioral studies. Mice were subjected to behavioral analysis 30 d
after birth. After identification of genotypes (see above), animals were
subjected to open-field and rotor rod tests. During the open-field test,
animals were allowed to search freely in a square acrylic box (30 X 30 cmn)
for 20 min. The light attached to the sealing of the enclosure was on
during the first 10 min (light period) and off during the later 10 min. On
each x and y bank of the open field, two infrared rays were attached 2 cm
above the floor at 10 cm intervals, making a flip-flop circuit between the
two beams. The total number of beam crossings was counted for 10 min
as traveling behavior of the animal (locomotion). On the x bank, the
other 12 infrared rays were set 5 cm above the floor at 3 cm intervals, and
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the total number of beam crossings was counted for 10 min as rearing
behavior (rearing). The enclosure was washed with water and then 70%
ethanol between each test to avoid the smell, which interferes with mouse
behavior. In the rotor rod test, an animal was placed on a drum that was
turned at a speed of 2.5 rpm for 30 sec. If the animal fell during the
interval, the latency was recorded. If the mouse could maintain its posi-
tion, the speed was accelerated by 2.5 rpm every 30 sec; i.e,, t0 5, 7.5, and
10 rpm at 30 sec intervals. Falling latency was then recorded. Each trial
was repeated three times, and the mean latency of three trials was calcu-
lated for each mouse. Student’s ¢ test was used for statistical comparison.

Electrophysiological analysis. Parasagittal cerebellar slices (250 um
thickness) were prepared from ORP150 */~, ORP150 */*, or Tg ORP150
mice as described (Kano et al., 1995). Whole-cell recordings were made
from visually identified Purkinje cells using an upright microscope
(BX50WI; Olympus Optical, Tokyo, Japan) at 31°C. Resistance of patch
pipettes was 36 MQ when filled with an intracellular solution com-
posed of (in mm): 60 CsCl, 10 Cs gluconate, 20 TEA-CI, 20 BAPTA, 4
MgCl,, 4 ATP, and 30 HEPES, pH 7.3, adjusted with CsOH. Pipette
access resistance was compensated by 70—80%. Composition of the stan-
dard bathing solution was (in mm): 125 NaCl, 2.5 KCl, 2 CaCl,, 1 MgSO,,
1.25 NaH,PO,, 26 NaHCO,, and 20 glucose, bubbled with 95% O, and
5% CO,. Bicuculline (10 mm) was always added to block inhibitory syn-
aptic transmission. Ionic currents were recorded with an Axopatch 1D
patch-clamp amplifier (Axon Instruments, Foster City, CA). Signals were
filtered at 2 kHz and digitized at 20 kHz. On-line data acquisition and
off-line data analysis were performed using PULSE software (HEKA).
Stimulation pipettes (5-10 mm tip diameter) were filled with standard
salineand used to apply square pulses for focal stimulation (duration, 0.1
msec; amplitude, 0-90 V). Climbing fibers were stimulated in the gran-
ule cell layer 50—100 mm away from the Purkinje cell soma.

Statistical analyses. Unless indicated otherwise, statistical analysis was
performed by either ANOVA followed by multiple-comparison analysis
using the Newman—Keuls equation or two-way ANOVA followed by
multiple-contrast analysis. Where indicated, data were analyzed by x?
analysis.

Results

Expression of ORP150 in developing brain

Immunoblotting was performed to compare levels of ORP150 in
different regions of developing mouse brain. Expression of
ORP150 in cerebral cortex (Fig. 1 A), caudate putamen (Fig. 1 B),
and hippocampus (Fig. 1C) displayed a small, although nonsig-
nificant, rise from the time of birth to postnatal days 820, when
an apparent plateau was reached. Immunohistochemical analysis
revealed low levels of ORP150 antigen in a range of neuronsin the
latter brain subregions on postnatal days 1, 4, and 10 (Fig. 1F—
H,K-M, P-R, respectively). In contrast, ORP150 peaked 4—6 d
after birth in cerebellum, with levels significantly above the base-
line, by threefold to fivefold, on days 48 (Fig. 1D). Cerebellar
ORP150 antigen detected immunohistochemically showed a par-
alle] rise on postnatal day 4 (Fig. 1 N) compared with days 1 and
10 (Fig. 11,S). On the basis of Nissl staining of adjacent slices,
ORP150 was localized predominantly to the Purkinje cell layer
(Fig. 1T, V). Consistent with previous reports (Stacchiotti et al.,
1997; Calabrese et al., 2002}, inducible-type HSP70 was also ex-
pressed in the Purkinje cell layer (Fig. 1U). Another class of mo-
lecular chaperones, GRP78 and GRP94, displayed very low-level
expression using anti-KDEL antibody in the cerebellum 4 d after
birth (Fig. 1W) (Kitao et al., 2001). Expression of stress-related
proteins, such as JNK (Urano et al,, 2000) and CHOP (Wang et
al., 1996), was also virtually undetectable on postnatal day 4 (Fig.
1X,Y, respectively).

In view of the role of ORP150 in stress-mediated neuronal cell
death (Kitao et al., 2001; Tamatani et al., 2001), we examined
whether there was a relationship between ORP150 expression
and induction of ORP150 in the developing cerebellum. Immu-
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nohistochemical analysis with antibody to activated caspase-3
and TUNEL staining both showed ~2-3% positive neurons (i.e.,
MAP2-positive cells) in cerebral cortex, caudate putamen, and
hippocampus (Fig. 2A-C). In contrast, there is an increase in cells
labeled with activated caspase-3 antigen, the latter defined as Pur-
kinje cells based on immunoreactivity with calbindin D, (Bror-
son et al., 1995), 4—6 d after birth (Fig. 2D,E-H). DNA fragmen-
fation, displayed by TUNEL assay, followed the increase in
activated caspase-3 antigen (Fig. 2D,I-L). These data indicate
that ORP150 expression appears to be maximal at a time corre-
sponding to programmed death of Purkinje cells.

Expression of ORP150 in cerebellum in genetically
manipulated mice and the effect on Purkinje cell death

Our previous work demonstrated a protective effect of ORP150
on neuronal viability in the settings of ischemia and excitotoxic-
ity. Thus, expression of ORP150 in Purkinje cells at a time corre-
sponding to induction of cell death could denote insufficient
expression of endogenous ORP150 to exert a protective effect.
Alternatively, the function of ORP150 in the cerebellum might be
quite different from what hasbeen observed elsewhere (Tamatani
et al., 2001). To address these issues, we turned to genetically
manipulated mice: heterozygous for deficiency of ORP150
(ORP150 */7) and heterozygous transgenic with neuronal ex-
pression of ORP150 driven by the PDGE B-chain promoter (Tg
ORP150).

Immunoblotting was performed to assess ORP150 antigen
levels in ORP150 ™/~ wild-type (ORP150 */*), and Tg ORP150
mice in the cerebellum (Fig. 3). ORP150 ™/~ animals displayed a °
relatively constant low level of ORP 150 antigen up to 30 d after
birth (Fig. 3A), compared with intermediate levels (following the
expression pattern observed in Fig. 2D) in non-Tg littermates
(wild-type; Fig. 3H) and constant high levels in Tg ORP150 ani-
mals (Fig. 3P). The latter were maintained up to postnatal day 120
(datanot shown). Immunohistochemical analysis using antibod-
ies to calbindin D,z and ORP150 showed decreased expression
of ORP150 antigen in the Purkinje cell layer from ORP150*/~
mice (Fig. 3B-G). Non-Tg littermates displayed time-dependent
ORP150 induction, peaking at 4—6 d after birth (Fig. 3I-N). Tg
ORP150 mice displayed uniform and strong staining in the Pur-
kinje cell layer (Fig. 3Q-V). The latter high level of ORP150
expression was maintained at the latest time point evaluated, 30 d
(data not shown).

The key issue was to correlate levels of ORP150 expression
with induction of apoptosis in the Purkinje cell layer, on the basis
of TUNEL assay (Migheli et al., 1995) and immunostaining with
antibody to activated caspase-3 (Selimi et al, 2000). In
ORP150 */~ mice, cell death in the Purkinje cell layer was appar-
ent by TUNEL analysis [Fig. 4A-C, postnatal day 6 (P6), P10,
arrowheads] and immunochistochemical staining with antibody
to activated caspase-3 (Fig. 4D, P4, arrowheads). Both TUNEL
(Fig. 4 F-H, arrowheads) analysis and immunostaining (Fig. 41,
arrowheads) showed that signals related to Purkinje cell death
tended to be fewer in wild-type littermates (OPR150 ™/™),
although this difference was not statistically significant. Such
evidence of programmed cell death in wild-type and ORP150 */~
animals was strongly suppressed in Tg ORP150 mice (Fig. 4K—
N). Image analysis demonstrated a significant reduction in
TUNEL- and caspase-3-positive cells from Tg ORP150 animals
on days 4—6, compared with wild-type and ORP150 */~ animals
(Fig. 4P,Q). Even by postnatal day 12, there were greater num-
bers of TUNEL-positive nuclei in the cerebellum of ORP150 ™/~
animals compared with wild-type animals (Fig. 4P). The sup-
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Figure 1.  Expression of ORP150 in brain during postnatal development. A-D, Protein extracts prepared from cerebral cortex (CCx; A), caudate putamen (Cpu; B), hippocampus (Hip; 0), or
cerebellum (Ch; D) during development (0—20 d after birth) were subjected to Western blotting using antibody to ORP150 (top lanes), GRP78 (middle lanes), or B-actin (bottom lanes). In each blot,
densitometric analysis of the ORP150 band intensity was performed and expressed by fold increase versus that on day 0; n = 6 per time point. **p << 0.01, multiple-comparison analysis followed
by ANOVA. £-S, Mouse brain was perfusion-fixed onP1, P4, and P10. Tissue was either stained with cresyl violet (£ J, 0) or immunostained with antibody to ORP150 (F—}, K~N, P-S). T, Mouse
brain (P4) was stained with cresyl violet (7). Adjacent sections were stained with antibody to inducible-type HSP70 {U), ORP150 ( V), KDEL (which recognizes both GRP78 and GRP94; I¥ ), activated
INK (X), or CHOP { ¥). Orientation of U~V is indicated as an open box in 7. Scale bars, 100 pom. Images representative of six experiments are shown.

pression of Purkinje cell death was generally observed in cerebel- We reasoned thatif Tg ORP150 mice displayed strongly atten-
lum because there were no anatomical differences (i.e.,, vermisor ~ uated evidence of apoptosis in the Purkinje cell layer, then there
hemisphere) in the frequency of either TUNEL- or activated  might also be a difference in cell number in the cerebellum. The
caspase-3-positive signals (data not shown). number of calbindin D,z -positive cellular profiles was used to
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identify Purkinje cells (Fan et al., 2001). Compared with wild-
type controls (arbitrarily assigned a value of 1), there was a sig-
nificant increase in Purkinje cells in Tg ORP150 mice (~30—
40%). In contrast, there was a decrease in Purkinje cells (~20%)
in ORP150 */~ mice that did not achieve significance. Although
assessed in different anatomical regions (Baader et al., 1998), no
significant difference was observed in either population or cell
size between vermis and hemisphere (data not shown). These
data indicate that expression of ORP150 in Purkinje cells appears
to have a protective effect in terms of cell death during early
development, inconsistent with a previous report, which sug-
gested that overexpression of human bcl-2 suppressed pro-
grammed Purkinje cell death (Zanjani et al,, 1996). In contrast,
there was no significant difference in either numerical density or
size of granular cells (data not shown), which was assessed by the
protocol described by Kakizawa et al. (2000).
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Cell death in the postnatal developing brain. A-D, Mouse brain was perfusion-fixed 0—20 d after birth. Cerebral hemispheres were then stained with antibody to activated caspase-3
or by the TUNEL method. The same sections were also visualized with either antibody to MAP2 staining (for A—C; data not shown) or calbindin D28K (for D; data not shown) to identify neurons (A-()
or Purkinje cells ( D). Open bars represent the percentage of activated caspase-3-positive cells also positive for MAP2 (A—) or calbindin D, ( D); shaded bars represent TUNEL-positive cells in each
population; 1 = 6 per experimental condition. ***p << 0.01 by multiple-comparison analysis followed by two-way ANOVA, compared with the values at day 0. F—H, Cerehellar sections prepared
Ad afterbirth were stained with cresyl violet ( £), antibody to calbindin D, (Calb; F), or activated caspase-3 (casp3; G). The merged image of Fand G is shown in H./-L, Cerebellar sections prepared
6 d after birth were stained with either cresyl violet (/), antibody to calbindin D, g, (J), or using the TUNEL method (K). The merged image of J and K is shown in L. Scale bars, 100 um. Images
representative of six experiments are shown.

ORP150 suppresses Purkinje cell death in vitro

To further analyze the effect of ORP150 on the Purkinje cell
response to cell stress, cultured Purkinje cells were exposed to
either hypoxia (Fig. 5A) or AMPA (Fig. 5C) for up to 24 hr,
followed by assessment of cell viability using immunohistochem-
ical criteria (Brorson et al, 1995). Incubation of cultured Pur-
kinje cells under hypoxic conditions (Fig. 5A) or in the presence
of AMPA (Fig. 5C) decreased the number of calbindin D,g-
positive cellular profiles (compared with untreated controls).
Cultures prepared from Tg ORP150 mice displayed relative resis-
tance of calbindin D,g-positive cells to each of these stimuli,
compared with Purkinje cells from ORP150 ¥/~ or wild-type
mice. Although we predicted that there might be a notable differ-
ence in the response to stress between calbindin D,g-positive
cells from ORP150 ¥/~ mice and those from non-Tg mice, the
former potentially showing greater vulnerability to cell death
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Figure 3. Expression of ORP150 in cerebellum of genetically manipulated mice. Immuncblotting was petformed on protein extracts from ORP150 ™/~ mice (A), non-Tg littermates
(ORP150 */*; H} orTg ORP150 mice  P) at postnatal days 0 —30 using antibody to ORP150 {top lanes) or B-actin (bottom lanes). In each panel, densitometric analysis of ORP150 band intensity was
performed, and statistical analysis of four representative experiments is shown. Values are expressed as fold increase versus antigen level of ORP150 in the cerebellum in non-Tg littermates at the
time of birth; n = 6 pertime point. **p < 0.01, multiple-comparison analysis followed by ANOVA. B-G, ORP150 */ mice were perfusion-fixed at P1, P4, and P10. Cerebellar hemispheres were
then subjected toimmunostaining using antibody to calbindin D, (8, B, F) or ORP150 (G, £, 6). /-0, ORP150 ™/ mice were subjected to immunostaining for calbindin D, {1, K, M) and ORP150
U, L, N) antigen. 0, Higher magnification of . Q—W, Tg ORP150 mice were subjected toimmunostaining for calbindin D, (Q, 5, U) or ORP150 (R, T, V). W, Higher magnification of V. Scale bar, 100

um. Images are representative six experiments.

compared with the latter, this difference proved barely discern-
ible in cell culture. Micrographs (Fig. 5E-J) of wild-type cultures
display representative fields revealing calbindin D,q-positive
cells under quiescent conditions (Fig. 5E H) or after exposure to
hypoxia (Fig. 5F) or AMPA (Fig. 5I'). Note the evident decrease in
calbindin D, -positive cells in cultures from wild-type animals
compared with results using cultures from Tg ORP150 mice (Fig.
5G]).

In contrast, calbindin-negative cells, which mostly represent
granular neurons (Brorson et al., 1995), were relatively resistant
to both hypoxia (Fig. 5B) and AMPA (Fig. 5D), regardless of
mouse genotype, compared with calbindin D28k-positive neu-

rons. Because expression of ORP150 was similarly decreased in
calbindin D,g-positive and -negative neuronal populations in
vitro from ORP150 "/~ mice (data not shown) and similarly in-
creased in calbindin D28k-positive and -negative neuronal pop-
ulations in vitro from Tg ORP150 mice (data not shown), these
data suggest a special effect of ORP150 on Purkinje cell viability.

Behavioral and cerebellar function in Tg ORP150 mice

To assess whether suppression of neuronal cell death in Tg
ORP150 mice altered cerebellar function in a more global way,
behavioral testing was performed using two motor tasks, open-
field (Fig. 6 A) and rotor rod (Fig. 6 B) tasks (Shahbazian et al,,
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Figured. Expression of ORP150 suppresses Purkinje cell death during cerebellar development, A-0, 0RP150 /=, ORP150 */* , or Tg ORP150 mice were perfusion fixed at P1, P4, P6, P10, and
P30 and stained with antibody to calbidin D, only {Calb; £, J, 0) or double-stained by TUNEL assay and antibody to calbindin D, (A-G F~H, K~M), or antibodies to calbindin D,g, and activated

caspase-3 (Casp3; D/, N). Scale bars, 100 pom; images are representative of sixexperiments. P, The percentage of TUNEL-positive nudlei colocalized with calbindin D, -positive cellsin ORP 15

0t/—

{open bars),0RP150 */™ (shaded bars), or Tg ORP150 (filled bars) mice was determined in samples prepared 6 and 12 d after birth. Q, The percentage of cellular profiles positive for hoth activated
caspase-3 and calbindin D5, in ORP150 */~ (open bars), ORP150 */* (shaded bars), or Tg ORP150 {filled bars) mice was determined in samples prepared 4 and 12 d after birth. **p < 0.01; *p <
0.05, compared with non-Tg littermates (n = 6 per time point). R, The population of Purkinje cells {calbindin D,z -positive cells) was counted in the cerebelfar hemisphere of Tg ORP150 (filled bars)
and ORP150 */~ (open bars) mice at4, 10, 20, and 30d after birth. Values are expressed as fold increase or decrease compared with non-Tg littermates; # == 6 pertime point. **p << 0.01, nonpaired

ttest compared with non-Tg (wild-type) littermates.

2001; Chena et al., 2002). In the open-field test (Fig. 6A),
ORP150 */~ mice displayed performance identical to that of
ORP150 */* animals. In contrast, motor coordination, assessed
by the rotor rod test (Fig. 6 B), showed significant impairment in
Tg ORP150 inice. These data suggest that overexpression of
ORP150, although enhancing the viability of Purkinje cells in
early development and increasing their numbers in adult ani-
mals, ultimately caused cerebellar dysfunction. There were no
differences in performance of ORP150 */~ and ORP150 */* mice
(data not shown).

Normal cerebellar synaptic function in ORP150 mutant mice

To probe the mechanism underlying cerebellar dysfunction in
mutant mice, we examined the electrophysiological properties of
Purkinje cells using whole-cell recordings in cerebellar slices. We
first compared passive membrane properties of Purkinje cells by
recording membrane currents in response to hyperpolarizing
voltage steps from the holding potential of —70 to —80 mV. As
reported previously (Llano et al., 1991), the decay of the current
was biphasic and could be described by the sum of two exponen-

tials (data not shown). From their time constants, we calculated
several parameters representing passive properties of Purkinje
cells on the basis of the model equivalent circuit of Purkinje cells
described by Llano et al. (1991) (Table 1). This model distin-
guishes two regions in the Purkinje cell. Region 1 represents the
soma and the main proximal dendrite, and region 2 represents
the main part of dendritic tree. The lumped membrane capaci-
tance of regions 1 and 2 were calculated as C1 and C2, respec-
tively. R1 represents the pipette access resistance. Region 2 is
linked to region 1 by resistor R2, which represents the lumped
resistance between the main proximal dendrite and each mem-
brane region of the distal dendrites. R3 represents the lumped
resistance of the dendritic tree of Purkinje cells. With respect to
these parameters, we found no significant differences among
ORP150 ~/*, ORP150 */*, and Tg ORP150 mice (Table 1). These
results suggest that the size of the soma and the main proximal
dendrite and the extent of the dendritic tree are similar in these
three strains of mice.

Purkinje cells receive two distinct excitatory inputs: parallel
fibers (the axons of granule cells) and climbing fibers (the axons
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We first examined the kinetics of CF-
EPSCs. The 10-90% rise times, decay time
constants, and amplitudes were similar
among the three strains of mice (data not
shown). We then examined short-term
plasticity of climbing fiber and parallel fi-
ber synapses. In normal external calcium
concentration (2 mm), CF-EPSCs display
depression, whereas parallel fiber-
mediated EPSCs (PF-EPSCs) undergo fa-
cilitation, to the pair of stimuli (Konnerth
et al., 1990; Aiba et al,, 1994). The paired
pulse depression of CF-EPSCs (pulse in-
terval, 103000 msec) and the paired pulse

facilitation of PF-EPSCs (pulse interval,
10-300 msec) were similar among the
three strains of mice (data not shown).
These results indicate that basic properties
of CF- and PF-EPSCs are normal in these
mice.

Discussion
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Integral to development of the central ner-
vous system is loss of a large number of

CFOrAMEA

Figure 5.  Effect of ORP150 on Purkinje cell death in vitro. A~D, Purkinje cells were prepared from ORP150 */~ (open bars),
ORP150 +/* (shaded bars), or Tg ORP150 (filled bars) mice within 1 d after birth. Cells were then incubated in astrocyte-
conditioned medium, as described in Materials and Methods, for 10 d and exposed to hypoxia {4, 8) for 024 hr. Viability of
Purkinje cells (A) and non-Purkinje cells (B) was then assessed at the indicated time points, as described in Materials and Methods.
Purkinje cells () and non-Purkinje cells (D) were also exposed to AMPA (30 ,.uM) under normoxic conditions. At the indicated time
points, cell viability was assessed. Values are expressed as percent cell death compared with the viability of the untreated cultures.
*p << 0.01, compared with wild-type cultures by multiple-contrast analysis followed by two-way ANOVA. F-J, Representative
images of immunostaining of cultures from wild-type (WT; non-Tg) animals under controlled conditions, neurons from WT
animals exposed to hypoxia (£} or AMPA (1), or neurons from Tg ORP150 mice (TG) exposed to hypoxia (G) or AMPA (J).
Incubation of cultures under hypoxic conditions (£, F) or exposure to AMPA (30 puv; H—J) was for 24 hr. Scale bars, 100 um.

neurons through “naturally occurring cell
death,” by mechanisms that remain to be
elucidated (Calabrese et al, 2002). Mor-
phological evidence suggests that such cell
death often displays characteristics typical
of apoptosis as a final common pathway.
However, the key issue is to identify en-
dogenous triggers and breaks on this sys-
tem that enable selected neuronal popula-

Images are representative of six experiments,

of the inferior olivary neurons) (Ito, 1984). Individual Purkinje
cells are innervated by multiple climbing fibers initially during
early development, but supernumerary climbing fibers are
pruned subsequently, and most Purkinje cells become monoin-
nervated by the third postnatal week (Crepel et al., 1981; Mariani
and Changeux, 1981a,b). Several knock-out mice show abnormal
retention of multiple climbing fiber innervation and impairment
of motor coordination (Kano et al., 1995, 1997). Thus, we exam-
ined whether multiple climbing fiber innervation persists in the
ORP 150 mutant mice. We estimated the number of climbing
fibers innervating each Purkinje cell by electrophysiological ex-
amination (Kano et al.,, 1995, 1997). When a climbing fiber was
stimulated, an EPSC was elicited in an all-or-none manner in the
majority of Purkinje cells (Fig. 6 A), indicating that such Purkinje
cells were innervated by single climbing fibers. In some Purkinje
cells, more than one discrete climbing fiber-mediated EPSC (CF-
EPSC) could be elicited when the stimulating electrode was
moved systematically by 20 um steps and the stimulus intensity
was increased gradually at each stimulation site. The number of
climbing fibers innervating the Purkinje cell was estimated by
counting the number of discrete CF-EPSC steps. The summary
graph in Figure 6 B indicates that frequency distribution of Pur-
kinje cells in terms of the number of CE-EPSC steps (Fig. 6 A,B)
showed no significant difference between the three genetically
manipulated mice ( p > 0.05, x* test). These results suggest that
developmental elimination of surplus climbing fibers is normal
in these mice. We then examined basic electrophysiological prop-
erties of EPSCs by stimulating climbing fibers and parallel fibers.

tions to survive and to form complex

synaptic networks, whereas others are

eliminated. Expression of molecular chap-
erones in developing brain, such as ORP150, suggests. the pres-
ence of ongoing neuronal stress probably attributable, in part, to
perturbations in the Jocal environment. ORP150 was first identi-
fied as a stress protein in astrocytes exposed to severe hypoxia
{Kuwabara et al., 1996). Because ORP150 is localized to the ER
and expressed in response to stress, upregulation of Purkinje cell
ORP150 suggests the presence of an ongoing stress response dur-
ing cerebellar development.

Molecular chaperones are abundant, well conserved proteins
essential for maintaining cellular function (Wynn et al.,, 1994).
Environmental stress focused on the ER (termed ER stress)
causes a proteotoxic insult: immature proteins accumulate in the
ER; conformational changes occur (Patil and Walter, 2001); and
induction of molecular chaperones is the result. The protective
role of chaperones is crucial for cell survival and repair in re-
sponse to environmental challenge. In this context, we have pre-
viously demonstrated that ORP150 has neurotrophic properties
in a range of settings, including ischemia-induced cell death (Ta-
matani et al., 2001), excitotoxicity (Kitao et al., 2001), and de-
layed neuronal cell death (Miyazaki et al., 2002). In this article, we
have extended this concept by showing that expression of
ORP150 in Purkinje cells decreases their vulnerability to hypoxic
and excitotoxic stress and enhances their survival during devel-
opment in vivo.

Certain neuronal populations display selective vulnerability
to toxic insults, potentially resulting in loss of those cells. Pur-
kinje cells, in particular among cerebellar neurons, are suscepti-
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Figure 6.  Behavioral analysis of Tg ORP150 mice. Open-field activity {A) and rotor rod be-
havior (8) were assessed in non-Tg littermates (ORP150 ™/ shaded bars) and Tg ORP150
mice (filled bars). A, Open-field performance was examined using an acrylic box as described in
Materialsand Methods. The total number of crossings across the twoinfrared rays attached 2cm
ahove the floor on each xand y bank was counted during first 10 min (withlight on; Light) and
thefollowing 10 min (with the light off; Dark) astraveling behaviorof the animal (Locomotion).
Thetotal number of crossings across the 12 infrared rays attached 5 cmabove the flooronthe x
bank was counted during the first 10 min (Light) and the following 10 min (Dark) as rearing
behavior of the animal (Rearing). Values are expressed as mean frequency of each activity in
each period. Body weights of phenotype mice are also shown at the right. B, Motor coordination
was evaluated by the mean of falling latency from the rotor rod using an acceleration protocol
(2.5,5,and 7.5 rpm followed by 10 rpm for 30 sec each). Values are mean + SE.ORP150 A
n = 9for each condition; Tg ORP150, n = 6 for each condition. *p < 0.05, Student’s t test.

ble to ischemic stress (Sieber et al., 1995; Yoshida et al., 2002}, as
well as other neurodegenerative-associated conditions (Dove et
al., 2000). A likely final common pathway for such toxicity is
elevation of free [Ca®"]i. Increased [Ca®*]i is associated with a
number of cytotoxic events, including chronic ethanol intoxica-
tion (Netzeband et al., 1999), diseases characterized by accumu-
lation of proteins with polyglutamine repeats (Clark and Orr,
2000), and traumatic brain injury (Netzeband et al., 1999). Mo-
lecular chaperones in the ER have the capacity to function as a
buffer system to suppress elevated [Ca®*]i by the maintaining the
complex metabolic and biosynthetic properties of this organelle
(Yu et al., 1999). In this context, we have demonstrated that
ORP150 also suppresses elevations of [Ca®*}i in cultured hip-
pocampal neurons exposed to excitatory amino acids (Kitao et
al., 2001). Our preliminary observations reveal expression of
ORP150 in Purkinje cells in the setting of human stroke and a
primate model of experimental brain ischemia. Taken together,
these observations further support the concept that expression of
ORP150 in Purkinje cells during development (P4-P8; Figs. 1, 2)
is indicative of the presence of environmental stress, potentially
ischemic, excitotoxic, or both (see below).

Our current results demonstrate selective upregulation of

Table 1. Passive membrane properties of PCs

Kitao et al.  ORP150 and Purkinje Cell Survival

ORP150 in the developing cerebellum, whereas levels of other
molecular chaperones, such as GRP78, remain unchanged. From
an evolutionary point of view, these two stress proteins (ORP150
and GRP78) have overlapping functions in yeast. Null mutant
strains of lumenal Hsp seventy (LHS)1, the yeast homolog of
ORP150, display “compensatory” upregulation of Kar2p, the
yeast homolog of GRP78. Although each gene alone is not essen-
tial for yeast viability, lethality is observed when inactivating mu-
tations are introduced into both Kar2p and LHS1 (Craven et al,,
1996). In contrast, our previous study demonstrated embryonic
lethality in homozygous ORP150 ~/~ embryos (in which the
ORP150 gene had been deleted by homologous recombination
and replaced by an inactive, truncated form). Thus, it appears
that properties of ORP150 and GRP78 have diverged over time;
the function of ORP150 cannot be complemented by increased
expression of GRP78, and ORP150 appears to be essential for
survival in mammalian embryogenesis (Craven et al., 1996). A
similar critical role for the HSP47, another molecular chaperone
in the ER, in embryonic development has been shown; a genomic
mutant of HSP47 also results in embryonic lethality (Nagai et al.,
2000).

Mechanisms underlying the vulnerability of cerebellar Pur-
kinje cells to environmental stress remain to be clarified. Cell
differentiation and synaptogenesis in cerebellum come in differ-
ent waves depending on the neuronal populations and afferents
and are highly interactive mutually (Altman and Bayer, 1997). In
rats, the first postnatal wave comes at P4, characterized with rapid
growth in cortex. Most PCs were already multiply innervated by
CFs as early as 3 d. The multiple innervation culminated on P5,
which rapidly regressed later on (Zhao et al., 1998; Miranda-
Contreras et al., 1999). Our results demonstrate increased Pur-
kinje cell death at P4—P6. Though the synaptic formation of
climbing fibers from the inferior olive are still immature and
confined in somatic regions (Altman and Bayer, 1997), strong
immunostaining of glutamate receptor subunits 2 and 3 could be
observed at postnatal days 1-3 within Purkinje cell bodies and
primary dendrites (Bergmann et al., 1996; Hafidi and Hillman,
1997). At this stage of development, vesicular glutamate trans-
porter is expressed in terminals around PC soma at P1-P10
(Miyazaki T et al., 2003). Because this transporter mainly medi-
ates the filling of cytoplasmic glutamate into synaptic vesicles in
terminals, its expression indicates that glutamate release at CF —
PC synapses is functional from the molecular point of view, sug-
gesting that polyinnervation of CFs during the first postnatal
week could be glutamate stress to developing PCs. A certain ex-
tent of Purkinje cell death at this point in development appears to
be essential for optimal cerebellar function. Although synaptic
properties of Purkinje cells in Tg ORP150 mice appeared normal
(Fig. 7), and the number of these neurons was increased (Fig. 4),
cerebellar function was clearly suboptimal (Fig. 6). Thus, it is
possible that the agility with which certain neuronal populations
mount an ER stress response may have important implications
for their vulnerability to a range of environmental perturbations.

Mice QA {ph Q(pF) R1{MQ) R2 (MQ) Rm (R3) (MQ}) n

ORP150™/ 162.2 = 874 847.6 = 2034 64 1.1 90+128 1815 £ 706 16
ORP150™/+ 154.8 = 68.7 870.7 = 230.9 61 +09 80£125 1627 £708 25
Tg ORP150 171.6 £78.1 854.0 = 120.9 6316 79%19 198.7 + 88.6 1

Parametersfor passive membrane properties were calculated according to the model described by Llano et al. (1991), which distinguishes two regions of Purkinje cells: region 1 representing the soma and the main proximal dendrites and
region 2 representing the dendritictree. C1 and C2 represent the lum ped membrane capacitance of regions T and 2, respectively. R1 represents the pipette access resistance. Region 2is linked to regien 1 by resistor R2, which representsthe
lumped resistance between the main proximal dendrite and each membrane region of the distal dendrites. R3 represents the lumped resistance of the dendritic tree of PGs.
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Figure7.  CF innervation of Purkinje cells in ORP150 genetically manipulated mice. A, Sam-
pletraces of CF-EPSCs recorded from ORP150 */~,0RP150 */*, and Tg ORP150 Purkinje cells.
(Fs were stimulated in the granular layer at 0.2 Hz, holding the potential at —20 mV. Two or
three traces are superimposed at threshold stimufus intensity. 8, Summary histograms showing
the number of discrete steps of CF-EPSCs for ORP150 ¥/~ (open columns; n = 45),
ORP150 */* (shaded columns; » = 91),and Tg ORP150 filled columns; n = 46) Purkinje cells.
There was nosignificant difference in the distxibutions for the three types of Purkinje cells { p <
0.05, ? test forindependent samples).

Consistent with this concept, mutations in the presenilin-1 gene,
a cause of familial Alzheimer’s disease, also renders neurons more
sensitive to glutamate stress (Guo etal., 1999), probably via mod-
ification of the ER stress response (Katayama et al., 1999).

We have demonstrated that expression of ORP150 in devel-
oping brain most likely serves a cytoprotective function in Pur-
kinje cells. Levels of ORP150 induced during brain development
are carefully balanced to allow the appropriate amount of Pur-
kinje cell death but to preserve the necessary number of these
cerebellar neurons for normal function. The subtle nature of the
system was revealed by overexpression of the ORP150 transgene
in Purkinje cells; the number of Purkinje cells increased in Tg
ORP150 animals, but cerebellar function was suboptimal. These
observations with ORP150 emphasize the importance of ER
stress in the Purkinje cell response to ischemia and, most likely, a
range of environmental perturbations. It is intriguing to specu-
late that the same mechanisms that may contribute to neuronal
vulnerability to ischemia and excitotoxicity (and, potentially,
other stresses), such as insufficient induction of ORP150 to uni-
formly prevent cell death in the larger population of neurons,
may be carefully programmed to prevent excess cell survival dur-
ing development, at which time such additional neurons would
compromise brain function.
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