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Figure4.  Expression of ORP150 suppresses Purkinje ¢ell death during cerebellar development, A-0, ORP150 “~, ORP150 '* ', or Tg ORP150 mice were perfusionfixed 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 Dy, (4—C, F—H, K—M), or antibodies to calbindin D,,, and activated
caspase-3 (Casp3; 0, L ¥). Scalebars, 100 yem;images are representativeof six experiments. P, The percentage of TUNEL-positive nuclei colocalized with catbindin D, -positive cellsin ORP150
{open bars), ORP150 */ (shaded hars), or Tg ORP150 (filled biars) mice was determined in samples prepared 6 and 12 d after birth. €, The percentage of cellular proffles positive for bath activated
caspase-3 and calbindin D, in ORP150 */~ (open bars), ORP150 */* (shaded bars), or Tg ORP150 {filled bars) mice was determined in samples prepared 4and 12 d after bisth, **p << 0.01;"p <
0.05, compared with non-Tg littermates {n = & pertime point). R, The population of Purkinje cells {catbindin D, -positive cells}was counted in the cerebellar hemisphere of Tg GRP150 (fifled bars)
andORP150 *~ (apen bars) mice at 4, 10, 20, and 30 after birth, Values are expressed asfold increase or decrease comparedwithnon-Tg litermates: o = 6 pertime point. **p < 0.01, ronpaired

1 test compared with non-Tq {wild-type) fittermates.

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 mice. 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 —70to —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
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Figure 5.  Effect of ORP150 on Purkinje cell death /n vitro. A-D, Purkinje calls were prepared from ORP150 *'~ (apen bars},
ORP150 ~'* (shaded bars), or Tg ORP150 {flled 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 1o hypoxia {4, 8) for §-24 hr, Viability of
Purkinje ells{ A}and non-Purkinje cefls {8 }wasthen assessed atthe indicated time points, as describedinMaterials and Methads.
Purkinje cells { ) and non-Purkinje cells { D) were also exposed to AMPA {30 u} under normoxic conditions. At the indicated time
points, ell viabifitywas 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. £-J, Representative
images of immunostaining of cultures from wild-type (WT; non-Tg} animals under controlied conditions, neurons from WT
animals exposed to hypoxia (F) or AMPA {/), or neurans from Tg ORP150 mice (TG) exposed to hypoxia (G) or AMPA (/).
Inciebation of cuttures under hypoxic conditions (£, F} or exposure to AMPA (30 puw; H—1) was for 24 hr. Scale bars, 100 pm.

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. 6A), 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 pm 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 CF-EPSC steps (Fig. 64,8)
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.

WT+AMPA

facilitation of PE-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

Integral to development of the central ner-
vous system is loss of a large number of
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-
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 local 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 (Pati] 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 (Miyazakiet al., 2002), In this article, we
have extended this concept by showing that expression of
ORP150 in Purkinje cells decreases their vulnerabitity 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-

TG+AMPA
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Figure6. Behavioral analysis of Tg GRP150 mice, Open-field activity (A) and rotor rod be-

havior (B8) were assessed in non-Tg fittermates {ORP150 */~; shaded bars) and Tg ORP150
mice (filled bars), 4, Open-field performance was examined using an acrylic box as desaibedin
Materials and Methods. The totat number of rossings acrossthetwoinfrared rays attached 2em
abovethe floor on each x and y bank was counted during first 10 min {withlight on; Light) and
thefollowing 10 min (with thekight off: Dark) as traveling behavior of the animal {Locomotion).
The total number of crossings across the T2 infrared rays attached 5 ¢m above the floor onthe x
bank was counted during the first 10 min (Light) and the fallowing 10 min (Dark) as rearing
behavior of the animal (Rearing). Values are expressed as mean frequency of each activity in
each period. Body weightsof phenotype mice are alse shown at theright. 8, 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 1pm for 30 seceach). Values aremean * SE.ORP150 */*,
= 9for each condition; Tg ORP150, n = 6 for each condition, *p < 0.05, Student’s f 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 PG
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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 Puz-
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). Qur results demonstrate increased Puz-
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 QR Qiph R (MO} R2{MQ3} Rm (R3} (M{Y) n

ORP150~"* 1622 £ 874 8476 + 2034 6411 90128 1815 £ 706 16
ORP150~'* 1548 = 687 8707 = 309 61*09 80x25 1627 £ 708 25
Ty GRP150 171.6 £ 781 8540 £ 1209 6316 7919 1987 = 836 n

Parameters for passive membrane properties weve alculated accoeding to the model desahed by Efano er at {1991}, which destinguishes two regions of Purkinje cefls: region 1 representing the soma and the main proximal dendrites and
vegion 2representing the dendritic tree. Ctand Q represent the lumped membrane capacitance of regions 1 and 2, respecrivedy. R1 represents the pipette access resistance. Region 23 inked to region 1by resistor R2, which represents the
himpedresistance between the main proximal dendrite and each membrane region of the distal dendrites. R3 represents the bamped resistance of the dendritic tree of PGs.
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Figure?. CFinnervation of Purkinje celis in ORP150 genetically maniputated mice, A, Sam-

ple traces of CF-EPSCs recarded from ORP150 +/~, ORP150 /", and Tg ORP150 Purkinje cells,
CFs were stimulated in the granular [ayer at 0.2 Hz, holding the potential at — 20 mV. Two or
three tracesare superimposed at threshold stimutus intensity. 8, Summary histograms showing
the number of discrete steps of CF-EPSCs for ORP1S0 */~ (open columns; n = 45),
ORP150 ~/™ (shaded columns; n = 91), and Tg CRP150 (filled columns; n = 46} Purkinje cells.
There was no significant difference in the distributionsfor the three types of Purkinje cells { p <<
0.05, x” test for independent 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 et al., 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
vilnerability to ischemia and excitotoxicity {and, potentially,
ather stresses), such as insufficient induction of ORP150 to uni-
formly prevent cell death in the larger population of neurons,
may be carefully prograrnmed to prevent excess cell survival dur-
ing development, at which time such additional neurons would
compromise brain function.
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SPECIFIC AIMS

Renal cell injury caused by ischemia/reperfusion (I/R})
is often accompanied by acute failure of renal function,
which is clinically of importance due to high mortality.
150 kDa oxygen-regulated protein (ORP150) is an
inducible endoplasmic reticulum (ER) chaperone with
cytoprotective properties in settings of cell stress, such
as ischemia/reperfusion {I/R}). Based upon the cyto-
protective properties of 150 kDa oxygen regulated
protein (ORP150) in ischemic condition, we have
examined the role of ORP150 in renal ischemia/
reperfusion (I/R).

PRINCIPAL FINDINGS

1. ORP150 is expressed in renal epithelial cells in
both human and rat kidney after I/R

In acute tubular necrosis accompanying cardiogenic
shock, ORP150 was detected mainly in parts of renal
tubules in the cortex, and, more frequently, in the
medulla. The same pattern of ORP150 expression was
found in a case of osmotic nephrosis due to treatment
of brain edema.

To further analyze expression of ORP150, rats were
subjected to renal I/R by unilateral occlusion of the
renal artery. Northern blot showed a marked increase
in ORP150 transcripts after I/R on the ipsilateral side,
peaking 8-12 h after reperfusion (Fig. 14). ORP150
transcripts were also induced on the contralateral side,
though to a lesser extent (Fig. 1 B). In situ hybridization
of normal kidney revealed a diffuse distribution of
ORP150 transcripts in the medulla (Fig. 1C, G).
ORYP150 transcripts were strongly induced 12 h after
I/R in the outer medulla, the area between cortex and
medulla (Fig. 1D, E, H, I). Distribution of ORP150
transcripts overlapped, at least partially, with that ob-

0892-6638/04/0018-1401 © FASEB

served for Tamm-Horsefall protein (THP) mRNA (Fig.
1F), a marker of the thick ascending loop (TAL).
Immunohistochemical analysis of normal rat kidney
displayed low-level expression of ORP150 antigen in
the renal medulla (Fig. 1J), whereas no signal was
detected in the cortex (Fig. 1X). After I/R, ORP150
antigen was markedly induced in renal tubules within
the medulla (Fig. 1L), as well as in portions of renal
tubules in the cortex (Fig. 1M).

2. ORP150 suppresses cell death in renal
epithelial cells

Exposure of MDCK cells, a renal tubular epithelial cell
line, to hypoxia caused expression of ORP150 antigen;
the latter increased by 12 h and reached a maximum
between 24-48 h. Incubation of MDCK cultures in
presence of high salt (NaCl, 300 mM) also induced
ORP150 antigen. Combination of hypoxia and hyper-
osmolarity appeared to potentiate ORP150 expression
to levels greater than that observed with either stimulus
alone. Stable transfectants of MDCK cells were made
with antisense or sense constructs of human ORP150.
After exposure of these stably transfected cell lines to
hypoxia (24 h), antisense transfectants demonstrated
detectable, but low levels of ORP150 antigen; vector-
alone transfectants showed higher levels of ORP150;
and sense transfectants displaved highest levels of
ORP150. To evaluate vulnerability of MDCK stable
transfectants to hypoxia and hyperosmolar stress, cul-
tures were exposed to hypoxia in presence of NaCl (500
mM) for 36 h, and cell death was evaluated by release of

! These authors contributed equally to this work.
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Figure 1. Expression ORP150 in rat kidney, Rats
were subjected to umilateral occlusion of renal
artery for 1 h, followed by reperfusion. A, B} At the
indicated ume afier reperfusion, total RNA was
prepared from kidneys of either control animals
(sham operation}, or the ipsilateral (4) or con-
tralateral side (B) of rats subjected to I/R. North-
ern blot was performed using ¢DNA probes for
either human ORP150 (upper panels) or human
B-actin cDNA (lower panel), the latter as an inter-
nal control. Migration of rRNA is shown on the far
left. Densitometric analysis of immunoblots from
experiments involved 6 animals in each group/
time point is shown to the left of the autoradio-
gram in A, B. Data are expressed as fold increase
compared
(mean*sp; **P<0.01 compared with controls by
multiple comparison analysis). C-f) Rat kidney
slices were also prepared from control (C, G),

with  sham  operated controls

ipsilateral (D, E), and contralateral side (H, f) 4
and 12 h after reperfusion, and subjected to in situ hybridization using human ORP150
probe. F) Images obtained with kidney slices from control mice analvzed by in situ
hybridization using human Tamm-Horsefall protein (THP). Adjacent sections of control (J,
K) and ipsilateral I/R kidney (L, M; 12 h after reperfusion) were subjected to immuno-
histochemical analysis using B-human ORPI50 antibody. Filled bars in each panel

represent 100 pm.

LDH and induction of apoptosis by activation of
caspase-3. Results demonstrate increased cell death and
activated caspase-3 in antisense transfectants and lowest
levels of cell death/activated caspase-3 in sense trans-
fectants. These data indicate a correlation between
expression of ORP150 and cellular resistance to hvp-
oxia/hyperosmoelar-induced cell death.

3. Furosemide suppressed expression of ORP150
transcripts by unilateral nephrectomy and I/R

The effect of furosemide (a loop diuretic) on CRP150
expression after unilateral nephrectomy and I/R was
assessed. Unilateral nephrectomy induced ORP tran-
scripts in the remaining kidney, with peak expression
8-12 h after the procedure. Unilateral I/R also caused
prominent up-regulation of ORP150 mRNA, in this
case in both kidneys with the most striking effect on the
ipsilateral side. Pretreatment with furosemide sup-

1402 Vol 18 September 2004
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pressed expression of ORP150 mRNA in both unilar-
eral nephrectomy and 1/R. This suggests the possibility
that increased ORP150 mRNA observed in both con-
tralateral/ipsilateral kidneys after I/R may be due to
osmotic stress, at least in part.

4. ORP150 suppressed renal dysfunction in a murine
model after I/R, by protecting cell viability in TAL

Mice with genetically manipulated expression of
ORP150 were used to assess the effect of ORP150 on
renal function following I/R injury. For these studies,
mice were prepared by right nephrectomy followed
seven days later by occlusion of the left renal pedicle for
45 min (I or ischemia) and reperfusion (R). Tg
ORP150 mice displayed relative resistance to renal
dvsfunction, based on the blunted rise in serum creat-
inine and serum/blood urea nitrogen compared with
ORP150™/” animals. Caspase-3 activity was assessed in

BANDO ET AL.



renal tissue as an index of programmed cell death.
Highest levels were observed in ORP150*/~ animals,
intermediate levels in ORP1507/" mice, and lowest
levels in Tg ORP150 mice.

To further localize the protective effect of ORP150
expression on the kidney, immunohistochemical stud-
ies were performed with an antibody selective for
activated caspase-3 and renal tubular markers. In the
renal cortex, there was no significant difference in the
proportion of nuclei staining positively with caspase-3
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Figure 2. Effect of ORP150 on viability of renal tubular seg-
ments, 4) 1 wk after unilateral nephrectomy, ORP150™*/~
(filled bars), ORP150*”* (shaded bars), or Tg ORP150 (open
bars) mice were subjected to I/R {of remaining kidney} or sham
procedure {i.e., the Iatter animals only received nephrectomy}.
24 h after I/R, mice were killed and renal sections were
incubated with a-activated caspase-3 antibody, followed by smin-
ing with DAPIL Nuclei staining positive for activated caspase-3
were counted in the cortex and medulla, and values were
expressed as % positive nuclei (total nuclei were determined by
DAPI stining). Mean * sp is shown (n=6); **P < 0,05 vs.
observations in ORP150™"* mice, by multiple comparison anal-
ysis. B) Sections were doublestained with segment markers and
a-activated caspase-3 antibody. In each segment, nuclei staining
positive with a-activated caspase-3 antibody were counted and
values were expressed as % total nuclei {the latter determined by
DAPI staining). The same procedure was also performed in a
renal arteriole (Vasc.). Mean * sp is shown (n=6). C-N}
Representative images obined in ORP150 "/~ mice are shown.
Immunofluorescent images obtained with markers of tubular
segments (green; C, G, K) and o-activated caspase-3 antibody
(red; D, H, 1) were digitally overlapped (E, I, M). Lauer images
were further merged with results of nuclear staining using DAPI
(light blue; £ J, N). In each panel, open bars represent 100 jum.

ORP150 AND RENAL ISCHEMIA
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Figure 3. Hypoxia and osmolar stress are directed to a cellular
organelle, ER.

Golgl System

antibody comparing mice of each genotype (Fig. 24).
In medulla, caspase-3-positive nuclei were most fre-
quently observed in ORP150*/~ mice, whereas they
were least abundant in Tg ORP150 animals (Fig. 24).
Since caspase-3-positive signals identified by this
method were likely to include deteriorating cells in
casts, we further sought to map distribution of poten-
tially apoptotic cells in portions of the renal segment
(Fig. 2B-N). Although there was no significant differ-
ence in the percentage of caspase-3-positive nuclei in
proximal and distal renal tubules between the three
genotypes, there were dilferences in TAL based on
colocalization with THP (Fig. 28). These data suggest
that overexpression of ORP150 in the kidney enhances
cellular viability in response to ischemic challenge,
especially in TAL.

CONCLUSIONS AND SIGNIFICANCE

We have identified ORP150 as a stress protein ex-
pressed in I/R-mediated injury to the kidney. ORP150
appears to have a cytoprotective effect on renal epithe-
lial cells both in vitro and in vivo in response to I/R and
hyperosmolar stress. Though the precise mechanism
through which ORP150 exerts its cytoprotective effect
in TAL remains to be defined, it is likely to involve its
chaperone-like properties in the ER. Since cytoprotec-
tive effects of ORP150 (an ER chaperon) were focused
on TAL, we suggest that maintenance of ER function is
an essential component of a successful stress response
in this portion of the nephron in acute renal failure.
Data presented in this manuscript indicate that
ORP150 is also induced in response to hyperosmolar
stress, and this is accentuated by superimposed oxygen
deprivation, Our data suggest that both ischemic and
osmolar stress targets a cellular organelle (ER) resulting
in an accumulation of immature and unfolded proteins
inside (Fig. 3). Resistance of MDCK cells to this complex
environmental challenge is dependent at least in part on
ORP150. F3
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Review
Ca?*-dependent proteases in ischemic neuronal death

A conserved ‘calpain—cathepsin cascade’ from
nematodes to primates
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Abstract

From rodents to primates, transient global brain ischemia is a well known cause of delayed neuronal death of the vulnerable neurons
including cornu Ammonis 1 (CA1) pyramidal cells of the hippocampus, Previous reports using the rodent experimental paradigm indicated
that apoptosis is a main contributor to such ischemic neuronal death. In primates, however, the detailed molecular mechanism of ischemic
neuronal death still remains obscure. Recent data suggest that necrosis rather than apoptosis appear to be the crucial component of the
damage to the nervous system during human ischemic injurics and neurodegenerative diseases. Currently, necrotic neuronal death mediated
by Ca?*-dependent cysteine proteases, is becoming accepted to underlic the pathology of neurodegenerative conditions from the nematode
Caenorhabditis elegans to primates. This paper reviews the role of cysteine proteases such as caspase, calpain and cathepsin in order to

clarify the mechanism of ischemic neuronal death being triggered by the unspecific digestion of lysosomal proteases.

© 2004 Elsevier Ltd. All rights resetved.

Keywords: Hippocampus; Ischemic neuronal death; Caspase; Calpain; Cathepsin; Calpain—cathepsin hypothesis

1. Introduction

The human brain is a sophisticated and complex organ in
which about 100 billion neurons are assembled in circuits
working together. When a nerve impulse arrives in the presy-
naptic axon terminal, neurotransmitters are released from
the synaptic vesicles into the synaptic cleft. Neurotransmit-
ters then bind to specific receptors in the postsynaptic neu-
ron, causing influx of extracellular Na™ through membrane
ion channels. The action potential (nerve impulse) is sim-
ply a brief reversal of the resting potential; the inside of the
membrane becomes positively charged with respect to the
outside within a thousandth of second.

The Ca®t concentration is approximately 1-2 mM at the
synaptic cleft whereas and ~100 nM in the cytosol, thereby
generating a 10,000-20,000-fold gradient between outside
and inside of the synapse. In the hippocampal neurons,
for instance, the presynaptic activation causes a release of

*Tel: +81-76-265-2381; fax: +81-76-234-4262.
E-mail address: yamashim@med kanazawa-u.ac.jp (T. Yamashima).

0143-4160/% - see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10,1016/.ceca.2004.03.001

glutamate into the synaptic cleft, which acts on the post-
synaptic AMPA or NMDA receptors. At resting potential,
Na't passes through AMPA receptor while NMDA receptor
is blocked with Mg?* without Ca?t influx. At depolar-
ized potentials the block is removed and Ca®* enters the
postsynaptic neurone.

Under physiological conditions, the intracellular Ca’+
concentration is tightly regulated. In contrast, under patho-
logical conditions, regulatory mechanisms are overwhelmed
and the intracellular Ca®* concentration increases abnor-
mally via two main routes: influx from extracellular pools
through various channels and release from endoplasmic
reticulum stores. Disruption of intracellular Ca?t home-
ostasis has been implicated in various forms of neuronal
death and neurodegeneration from nematodes to mammals
[14].

Various proteins in the neuronal membrane including re-
ceptors and channels, give rise to the unique capabilities
of neurons to transmit, receive and store information. The
rough ER synthesizes such membrane proteins, neurotrans-
mitters, cytoskeleton proteins and other constituent proteins.
For the post-translaticnal processing, degradation, recycling
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or turnover of the abundant proteins, lysosomal hydrolytic
proteases are indispensable,

The lysesomal membrane is a physical barrier that pre-
vents hydrolytic enzymes from digesting the cell’s own cy-
toplasm, but its severe damage can cause cell necrosis. In
1966, de Duve and Wattiaux [5] reported that the lethal cell
injury occurs by the release of hydrolytic enzymes from the
damaged lysosomes. In the execution of neuronal necrosis,
the mechanisms of abnormal protein degradation mediated
by lysosomal proteases could conceivably play an impor-
tant role. Cysteine proteases, a set of lysosomal enzymes,
represent a broad class of proteolytic enzymes widely dis-
tributed among living organisms. Cysteine proteases are ac-
tually recognized as multi-function enzymes, being involved
in the processing and presentation of antigens, cleavage of
membrane-bound proteins, degradation of the cellular ma-
trix, and in the processes of tissue remodeling. Here, the
role of Ca?t-dependent cysteine proteases in the execution
of neuronal necrosis will be reviewed.

2. Different mode of neuronal death

Necrosis and apoptosis are two distinct forms of cell
death which have, essentially, different implications for the
surrounding tissue, Necrosis occurs ATP-independently in
the process of neurodegeneration, provoking damage to
the tissue with spillage of the intracellular contents into
the extracellular milien. In contrast, apoptosis occurs ATP-
dependently, without provoking inflammation and damage
to the tissue, Further, apoptosis is programmed and essential
for the nermal development, shaping of organs and tissues,
and homeostatic mechanisms [6-8]. In contrast, necrosis is
unanticipated and inappropriate destruction of a cell, that is
caused by certain stressful or abnormal conditions exceed-
ing a certain threshold such as stroke, excessive mechanical
strain (trauma}) and genetic abnormalities underlying neu-
rodegenerative diseases [9-13).

During development of the brain, neuronal death oc-
curs mainly by caspase-dependent apoptosis [2,14] or au-
tophagy, morphologically and mechanistically distinct [15].
In the adult brain, however, caspase-dependent apoptosis
should be essentially minor [2). In the animal models of
neurcdegeneration, the dominant forms of neuronal death
are dark neuronal death in Huntington’s disease [16] or
paraptosis in amyotrophic lateral sclerosis [17]. Paraptosis
is characterized by the extensive cytoplasmic vacuolation
without prominent chromatin condensation. In this process,
the morphology is similar to necrosis while the cascade of
de novo protein synthesis is similar to apoptosis. Excito-
toxic neuronal death due to cerebral ischemia or traumatic
brain injury, may show many shapes and activate different
cell death programmes. Necrotic rather than apoptotic cas-
cade [18,19] or mixed apoptotic—necrotic cascades may be
involved, depending on the intensity of insult, the age of
subjects, and the brain region affected [20,21]. For instance,

in the ischemic core, caspases are inactivated because of
the rapid ATP depletion, impairment of the intracellular
ion composition, massive preduction of nitric oxide or
superoxide radicals as well as calpain activation [22-28].
The sustained calpain activation in the postischemic CA1
neurons caused long-standing lysosomal membrane dis-
ruption with the resultant leakage of various hydrolytic
enzymes including cathepsins B, L and DNase II, processes
that start immediately after ischemia and last until day 5
[19].

Although there are many reports of apoptotic death of
neurons in the ischemic stroke models using adult animals,
relatively few of them have been based on detection of the
characteristic morphological features of apoptosis. Histo-
logical examination of hippocampus in a 63-year-old fe-
male dying 9 days after heart surgery undergoing transient
cardiac arrest, showed an almost complete neuronal death
specifically in the CAl sector [28]. Here, all of the dy-
ing CA!l neurons showed a typical eosinophilic degenera-
tion which was characterized by the shrunken eosinophilic
cytoplasm and the nucleus with a coarse tigroid and thin
chromatin distribution. However, there was no morphologi-
cal evidence of apoptosis. In the postischemic CA1 neuronal
death of monkeys [18,29-31], light microscopy showed sim-
ilar eosinophilic coagulation necrosis, while electron mi-
croscopy showed frank membrane disruptions with punctu-
ated chromatin condensation. Furthermore, DNA gel elec-
trophoresis showed not ladder but smear pattern [18,19]. Ac-
cordingly, it is likely that even if the apoptosis cascade was
actually activated, the final neuronal death pattem was that
of necrosis.

Despite the significant impact of necrotic neuronal death
in human brain injury and neurodegenerative diseases, the
mechanism of neuronal necrosis remained poorly under-
stood until recently. As models of neuronal necrosis and
neurodegeneration became available, from C. elegans [32)
to monkeys [28,29,33], a common denominator becomes in-
creasingly clear. In contrast to the events taking place during
apoptosis, in necrosis it is not the mobilization of molecular
mechanisms but the excessive operation of the physiological
cellular mechanisms that appear to execute neuronal necro-
sis process under the exceptional cell conditions that [ead to
extensive damage.

3. Three cysteine proteases
3.1. Caspase

In animal models of neurcnal death, apoptosis of neurons
has been often demonstrated only by terminal deoxynu-
cleotidyl transferase-mediated deoxyuridine triphosphate
(dUTP) nick end-labelling (TUNEL) without detecting
the characteristic morphological features of apoptosis.
Accordingly, there are many reports that conclude that
neuronal apoptosis after ischemia is mediated by cysteine-
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requiring aspartate-directed proteases, caspases. However,
the TUNEL technique was reported to label also cells
undergoing necrosis [34-36]. Thus, even if caspases are ac-
tivated, it is probable that they contribute more to neuronal
necrosis than to neuronal apoptosis.

Caspases are mammalian homologues of the pro-
apoptotic C. efegans CED-3 protein. In their catalytic site
caspases contain the cysteine-containing pentapeptide mo-
tif QACXG (X being R, Q or G) and require an aspartate
residue at the N-terminal end of the substrate cleavage site
[37-41]. Caspases are synthesized as inactive proenzymes
{procaspases) that comprise an N-terminal prodomain, a
large subunit, and a small subunit. Activation results from
the proteolytic cleavage of procaspases into its three com-
ponent parts through the action of other activated caspases.
Subsequently, two large and two small subunits associate
to form the heterotetrameric active enzyme. The substrates
cleaved by caspases include cytoskeletal and associated
proteins, kinases, members of the Bel-2 family of apoptoss-
related proteins, presenilins and amyloid precursor protein,
and DNA-modulating enzymes. Many of the substrates
of caspases are localized in the pre- and/or post-synaptic
compartments of neurons.

Caspases are believed to be central components for the
implementation of neuronal apoptosis [42]. Caspase-3 was
demonstrated to be overexpressed in CAl after transient
ischemia, and its specific inhibitor could attenuate is-
chemic neuronal death [43,44]. In the monkey experimental
paradigm of cerebral ischemia also [18,19], caspase-3 acti-
vation occurred a few hours after ischemia, but its activation
became negligible despite up-regulation of pro-caspase-3
on days 3-5. The caspase-activated DNase (CAD)/inhibitor
of CAD (ICAD) complex was identified to be a sub-
strate of caspase-3 [45-47]. When the catalytically-active
caspase-3 cleaves ICAD, the final effector CAD trans-
fers into the nucleus to cause DNA degradation [46-48].
Cao et al. [49] reported that transient global ischaemia
in rats caused caspasc-3-mediated cleavage of ICAD, re-
sulting in the apoptotic degradation of DNA by CAD.
Although expression of CAD was slightly up-regulated on
days 1 and/or 2 with translocation of activated CAD on
days 2-3 in the monkey experimental paradigm [18,19],
the extent of CAD expression was actually much less
compared to lymph node or intestine tissues. It is likely
that CAD has partially participated in DNA degradation
of the postischemic CAl neurons in monkeys. However,
as CAD up-regulation was mild and occurred transiently
on days 1-2 in monkeys, calpain activation lasting as
long as 5 days appears to be a rather critical factor for
the CA! neuronal death being completed on days 3-5
[19].

3.2. Calpain

The calcium-dependent neutral cysteine protease, cal-
pain, is present in virtually all vertebrate cells [50,51].

Two isozymes: p- and m-calpains show similar biochem-
ical features, except for the Ca?* concentration necessary
for activation in vitro: p- or m-calpains require micromo-
lar or milimolar levels of Ca2t, respectively. Calpain is a
heterodimer comprising a 30-kDa regulatory subunit and
another 80-kDa catalytic subunit. During activation, the
30-kDa subunit is cleaved to yield a final 17-kDa form,
while the 80-kDa subunit is converted to 76-kDa enzymat-
ically active form. Calpain is activated both in physiolog-
ical states and also during various pathological conditions
such as phosphorylation [52], free radicals [53,54], brain
ischemia-reperfusion [19,29], apoptosis [53,55], catarac-
togenesis [56], muscular dystrophy [57], and Alzheimer’s
[58] and Parkinson’s [59] diseases. The substrates cleaved
by p-calpain include cytoskeletal and associated pro-
teins, kinases and phosphatases, membrane receptors and
transporters, and steroid receptors. Calpains are located
throughout the neuron, both in the somatodendritic re-
gions and in the axons. Excessive activation of calpain
due to an increase in free Ca®* leads to cytoskeletal pro-
tein breakdown, subsequent loss of structural integrity and
disturbances of axonal transport, and finally to neuronal
death.

What is the in vivo substrate of activated p-calpain in
the postischemic CAl neurons? As calpain cleaves the sub-
strate protein without binding, one cannot detect the in vivo
substrate of activated calpain, for example, by means of
immunoprecipitation. Further, regarding the cleavage site
specificity of calpain, there are suggestions that the PEST
sequence is preferred, as generally indicated, but this is-
sue is not firmly confirmed. It was recently speculated that
calpain recognizes the conformational state rather than the
protein sequence; relatively unstructured inter-domain se-
quences without a-helix or B-sheet seem to be good tar-
gets [60]. Therefore, as for most proteases, it is either im-
possible or not relevant to predict a calpain cleavage site
in a given protein only based on the sequence informa-
tion. Accordingly, instead of the use of biochemical pro-
cedures, we have demonstrated, by means of immunoelec-
tron microscopy, the localization of activated p.-calpain at
the lysosomal membrane [28,29]. Recently, we also reported
sustained (i.e., from immediately after the ischemic chal-
lenge until day 5) activation of p-calpain in the postis-
chemic CAl neurons [19]: the immunoreactivity of acti-
vated p-calpain became maximal on days 2-3, being re-
markable in lysosomes on day 2 while in the cytoplasm
on day 3 (Fig. 1). The subsequent translocation of lysoso-
mal cathepsins [28,33] as well as lysosome-associated mem-
brane protein-1 (LAMP-1) (Fig. 2) indicated that activated
p-calpain caused spillage of hydrolytic enzyme cathepsins
from lysosomes [19].

In neurological events associated with cerebral ischemia,
Alzheimer’s disease, Parkinson’s disease and amyotrophic
lateral sclerosis, a potential role of reactive oxygen species
has been reported [61,62]. Another possible mechanism of
lysosomal membrane rupture might be the damage induced
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Fig. 1. Immunoblot analysis {upper) and immunofluorescent confocal
images (lower), using antibody recognizing selectively activated p-calpain.
Upper: The expression of the internal control protein a-tubulin shows a
gradual decrease on days 1-5 (dl, d3, d5) with neuronal degencration.
In contrast, activated p-calpain is up-regulated from 3 h after ischemia
until day 5 (d5), and is maximal on day 3 (d3) in the postischemic CA!
sectors. Lower: In the control CAl neuwrons (C), the perikarya shows
negligible immunostaining of activated p-calpain. In contrast, on day 2
(d2) activated p-calpain is immunostained as coarse granules with FITC
in the perikarya. Scale bar = 5 wm.

by free radicals that are generated during the oxidative stress.
Then, as a consequence of exposure to reactive oxygen
species, oxidative stress may induce further calpain activa-
tion through rapid Ca?* mobilization either by stimulating
Ca?* influx from outside or by increasing Ca?* relcase from
the internal stores [63,64).

3.3. Cathepsin

Brunk et al. [65] suggested a quantitative relationship
between the amount of lysosomal rupture and the mode of
cell death: low intensity stresses would trigger a limited
release of lysosomal enzymes to the cytoplasm followed
by apoptosis, whereas high intensity stresses would pro-
voke a generalized lysosomal rupture followed by necrosis.
The lysosomal membrane is a physical barrier prevent-
ing hydrolytic enzymes from digesting the cell constituent
proteins, but its severe disruption can cause cell necrosis
in the pathologic states. The spreading of hydrolytic en-
zymes into the cytoplasm through the lysosomal membrane
injury or rupture, was confirmed in both heart [66—68]
and brain [25,33,69] ischemic injuries. It is most likely
that the sustained calpain activation in the postischemic
CAl neurons, presumably with the aid of reactive oxygen
species, may cause lysosomal membrane disruption with
the resultant leakage of various hydrolytic enzymes (Fig. 3)
[19,28]).

Fig. 2. Immunofluorescent confocal images of the lysosome-associated
membrane protein (LAMP)-1 in the representative CA1 neurons of the
controt (C), immediate after ischemia (3 h), days 1 (d1), 2 (d2), 3 (d3) and
5 (d5). The LAMP-1 immunoreactivity is up-regulated in the perikarya
from 3 h until day 5 (d5). Coarse granular staining becomes maximal on
day 2 (d2), while the perikarya and the nucleus are diffusely stained on
day 3 (d3). On day 5 (dS), the immunoreactivity decreases with neuronal
degeneration. Scale bar = 5 um

Lysosomes contain over 80 types of hydrolytic enzymes.
Two classes of lysosemal hydrolytic enzymes appear to be
most active in executing neuronal death: aspartyl (cathep-
sin D) and cysteine (cathepsins B, H, L) proteases. The for-
mer are characterized by the presence of a catalytic aspar-
tic amino acid residue at their active site, while the latter
are characterized by a catalytic cysteine residue at their ac-
tive site. Cathepsin D mediates execution of neuronal death
induced by ageing, transient forebrain ischemia and excito-
toxicity [70] while cathepsins B and L execute hippocampal
neuronal death after global ischemia [28].

A new L-frans-epoxysuccinyl peptide, CA-074 (N-(L-3-
trans—carboxyoxirane-2-cabonyl}-L-isoleucyl-L-proline) was
shown to inhibit cathepsin B 10,000-30,000-fold stronger
than cathepsins H or L [71,72]. E-64c (N-(L-3-trans-
carboxyoxirane-2-carbonyl)-L-leucine-3-methylbutylamide),
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Fig. 3. Electronmicrograph of a CAl neuron 2 days after 20min whole
brain complcte ischemia. In the cytoplasm close to the nuclear membrane,
there are numerous electron-dense granules (arrows) that were released
from the lysosomes. Among the punctuated chromatin coendensation are
similar electron-dense granules. Scale bar = 1 ym.

the terminal agmatine of E-64 being replaced by isoalry-
lamide, shows strong inhibitory activity in vivo. E-64c has
been demonstrated to inhibit cathepsins H and L as well
as cathepsin B [73,74]. Concerning the kinetics [71-75] of
each inhibitors, the K of CA-074 for cathepsin B, as esti-
mated by Dixon plots, was 2.0 x 10~ M, whereas the K;
for cathepsins H and L was 75,000 and 233,000 x 10~2M,
respectively. In contrast, the Kj of E-64¢ for cathepsins
B, H and L was, as estimated by Dixon plots, 8.7, 111
and 3.5 x 107° M, respectively. The inhibitory effect of
delayed neuronal death by E-64c was overall more re-
markable than that of CA-074. This is probably because
E-64c can inhibit not only cathepsins B and L but also
calpains.

4. The calpain-cathepsin hypothesis

The neuroprotective effects of certain caspase inhibitors
conceivably depend on mechanisms other than the inhibi-
tion of caspases, because the tetrapeptide inhibitor tyrosine—
valine—alanine—aspartate-chloromethyl ketone {Ac-Y VAD-
cmk) was reported to rescue cultured neurons from cell death
due to oxygen/glucose deprivation, by targeting lysosomal

enzyme ‘cathepsin B’ [76]. Accordingly, to clarify the ex-
act molecular mechanism of ischemic neuronal death, the
contribution of cathepsin-mediated necrotic cascade should
be studied in detail with particular attentions to the role of
lysosomes.

‘Calpain—cathepsin hypothesis® [33] was formulated on
the basis of the experimental paradigm of global brain is-
chemia in the monkeys, and encompases two major players,
calpain and cathepsin, as the key mediators (Fig. 4). First,
an increase in the intracellular Ca®* mobilization occurs in
response to the ischemic insult. Second, p-calpain is acti-
vated as long as Ca®* concentration is elevated. Third, as
activated p-calpain compromises the integrity of lysosomal
membranes, cathepsin proteases are liberated into the cyto-
plasm to induce breakdown of the cell constituent proteins.
This process is reminiscent of autophagy, and supports de
Duve’s concept [77] of lysosomes as the cell’s ‘suicide bag’.
Kitao et al. [78] confirmed the involvement of a similar cas-
cade in the cultured hippocampal neurones, in which both
kainate and glutamate induced the activation of p-calpain
and cathepsin B.

In addition to the ischemic injuries in the heart [66—68]
and brain [25,69], the translocation of cathepsin B from
lysosomes into the cytosol and nucleus was reported also
for the bile salt-induced and TNF-triggered hepatic apopto-
sis. Similarly, Foghsgaard et al. [81] found that cathepsin
B, which disappeared from the perinuclear granules (colo-
calizing with lysosomal markers) and distributed diffusely
throughout the cell, is capable of acting as a dominant ex-
ecution protease in tumor cell apoptosis induced by tumor
necrosis factor. Using the monkey experimental paradigm,
translocations of cathepsings B and L [28,33] as well as
DNase II [18)], were already suggested by immunchisto-
chemistry in the postischemic CAl neurons, It is suggested
from these data that the sustained calpain activation in the
postischemic CA1 neurons may cause long-standing lyso-
somal membrane disruption with the resultant consecutive
leakage of lysosomal enzymes including cathepsins B, L
and DNase II from immediately after ischemia until day 5.
Based on the calpain—cathepsin hypothesis, Yoshida et al.
[31} demonstrated in the monkey brain other than CA1 that
89.8% of caudate nucleus neurons were free from postis-
chemic neuronal death on day 5 with 4 mg/kg of CA-074
treatment, while 75.0% of the cortical V layer neurons and
91.6% of the cerebellar neurons survived with 4 mg/kg of
E-64c treatment.

Recently, Syntichaki et al. [32] reported that neuronal
degeneration induced by various genetic lesions in C. ele-
gans required the activity of the calcium-regulated CLP-1
and TRA-3 proteases (similar to calpains) as well as as-
partyl proteases ASP-3 and ASP-4 (similar to cathepsins).
The genes for calpain and lysosomal proteases have been
detected in genetic screens for suppressors of neurodegen-
eration in C. elegans. This is encouraging, considering that
the sophisticated genetics and molecular biology of the C.
elegans neurodegeneration models have confirmed the ba-
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Fig. 4. Calcium-induced calpain-cathepsin cascade as a mechanism of ischemic neuronal death (‘calpain—cathepsin hypothesis’ formulated in [33]). The
necrosis initiating insults may provoke intracellular Ca?t mobilization through uptake of extracellular Ca?* and/or release from intemal stores. Ca®t
mobilization subsequently induces lysosomal rupture presumably with the aid of reactive oxygen specics. The released cathepsin proteases degrade cell
constitutive proteins leading to the neuronal death {cited from EMBO Rep. 3 (2002) 604-609).

sic concept of the calpain—cathepsin hypothesis, originally
proposed for the monkey experimenta] paradigm (33].

5. Cross-talks between apoptosis and necrosis, and
between ischemia and Alzheimer

The postischemic neuronal death may involve a combi-
nation of apoptotic and necrotic processes even at the level
of the individual neuron [12,82,83]. Although paradoxically,
it ts likely that caspase-mediated proteolysis contributes to
neuronal necrosis by the cleavage and inactivation of the
plasma membrane Ca?* pump [84]. This, in turn, disrupts
intracellular Ca?* homeostasis with the resultant Ca2+ over-
load, and further stimulates the calpain-cathepsin cascade
through the sustained calpain activation [19]. Cleavage of
the calpain inhibitor, calpastain by caspase-3 [85] might also
stimulate calpain activation. Furthermore, cathepsins have
been reported to activate caspase-3, either directly or indi-
rectly [28,86]. Then, it is possible that caspases can be in-
appropriately activated, and participate to the initial phases
of necrotic cascade, being isolated from the final phase of
the apoptotic cascade. Accordingly, neither any discernible
apoptotic morphology nor DNA ladder were seen in the

postischemic CA1 neurons of monkeys despite cleavage and
translocation of CAD [18,19].

Interestingly, in the pathogenesis of Alzheimer’s dis-
case, several reports pointed to an important role of cal-
pains [87-92]). Widespread activation of p-calpain in the
Alzheimer brain has been demonstrated previously by
biochemical methods [89]). Taniguchi et al. [91] analyzed
expression of activated p-calpain in human brain extracts
by comparing eight Alzheimer patients (M:F = 2:6, mean
82 years old) with nine age-matched controls (M:F = 5:4,
mean 77 years old). Intense bands of activated p.-calpain
were consistently seen in the Alzheimer brain. Further, the
band intensities of activated p-calpain were about seven-
fold (P < 0.05) in the Alzheimer brains compared to the
control brains (Fig. 5) [91]. Previous studies showed that
the populations of degenerating neurons in Alzheimer’s dis-
ease exhibit robust up-regulation of the lysosomal system
[92]). Then, it is probable that the calpain-mediated lyso-
somal spillage of hydrolytic enzymes might occur also in
the Alzheimer neurons, and can explain the mechanisms of
neuronal degeneration in Alzheimer’s disease. It is probable
that the mechanism of necrotic neuronal death should be
conserved in spite of the diversity of pathologic conditions
that initiate cell death.
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Fig. 5. Expression of activated p-calpain in human brain extracts by comparing eight (10-17) Alzheimer patients with nine (1-9) age-matched controls.
Intense bands of activated p-calpain were consistently seen in the Alzheimer brain (upper), and its band intensities (AD) were about seven-fold (* P < 0.05)

compared to the control brains (lower) (cited from [91]).

6. Conclusion

Now, it is becoming widely accepted that the lysosomal
systermn emerges as one of the main players during the final
stage of neuronal necrosis. Spillage of hydrolytic enzymes
from lysosomes into the cytoplasm due to the activated p-
calpain-mediated lysosomal membrane disruption, presum-
ably with the aid of reactive oxygen species, executes neu-
ronal necrosis or degeneration from C. elegans to primates.
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Abstract

Unilateral hypoxia-ischemia (Hl) was induced in C57/BLE
male mice on postnatal day (P) 5, 9, 21 and 60, corresponding
developmentally to premature, term, juvenile and adult human
brains, respectively. Hl duration was adjusted to obtain a
similar extent of brain Injury at all ages. Apoptotic mechan-
isms {nuclear translocation of apoptosis-inducing factor,
cytochrome ¢ release and caspase-3 activation) were several-
fold more pronounced In immature than in juvenile and adult
brains. Necrosis-related caipain activation was similar at all
ages. The CA1 subfield shifted from apoptosis-related
neuronal death at P5 and P9 to necrosis-related calpain
activation at P21 and P60. Oxidative stress (nitrotyrosine
formation) was also similar at all ages. Autophagy, as judged
by the autophagosome-related marker LC-3 II, was more
pronounced in adult brains. To our knowledge, this is the first
report demonstrating developmental regufation of AfF-
mediated cell death as well as involvement of autophagy in
a model of brain injury.

Cell Death and Differentiation (2004) 0, 000-000. doi:10.1038/
sj.cdd.4401545

Keywords: apoptosis-inducing factor (AlIF); autophagy; cas-
pase; calpain; cytochrome ¢; nitrotyrosine; hypoxia—ischemia;
brain development

Abbreviations: ABC, avidin-biotin peroxidase complex; AMC,
aminomethylcoumarin; AIF, apoptosis-inducing factor; Cyt c,
cytochrome ¢, DTT, dithiothretitol; FBDP, alpha-fodrin break-
down product; Hi, hypoxia—ischemia; LC3, microtubule-asso-

ciated protein light chain 3; MAP-2, microtubule-associated
protein-2; NOS, nitric oxide synthase; NO, nitric oxide; P,
postnatal day; PBS, phosphate-buffered saline; TBS, tris-
buffered saline.

Introduction

The extent of hypoxic—schemic (HI) injury depends on the
degree of maturation of the brain as well as on the severity and
duration of the insult."™7 It is generally accepted that neurons
in the immature brain tolerate a longer period of oxygen
deprivation andfor Ischemia than those In the adult brain.'?
However, there are conflicting reports, showing that the
immature brain is less resistant to HI brain damage than its
adult counterpart.* This is supported by other studies after Hl
or excitotoxic injury.®® Furthermore, clinical data suggest that
outcome and morality after acute brain injury are age
dependent, with more severe injuries in infants than in
adults,819

Cell death is usually classified as apoptotic or necrotic
based on biochemical and momphological criteria,’''2 even
though recent data suggest that mixed morphological
phenotypes are frequently observed after ischemic in-
sults.'®-' Necrotic cell death is a pathological process
resulting from tissue damage and loss of energy. Apoptosis
is a genetically controlled cell death that was initially
recognized for its role in development. In some brain regions,
more than half of the neurons die by apoptosis during brain
development.’”® Many apoptosis-related factors have been
demonstrated to be upregutated in the immature brain, such
as caspase-3, Apal-1, Bcl-2 and Bax.'®'? Activation of
apoptotic mechanisms contributes to the pathogenesis of
brain damage in acute neuropathological disorders, such as
HI, particularly in the Immature brain.14-16:20-23 A jtophagy is
another type of cell death mechanism with distinct morpho-
logical features whereby lysosome-mediated engulfment of
injured cells or cellular fragments can occur.?® It seems clear
that, depending on the developmental leve! of the brain at the
time of injury, different cell types and regions will ke injured, at
different rates, and ditferent mechanisms of Injury will be
activated.'#2227.28 Understanding the nature of cell death
after H! at ditferent developmental stages Is essential to be
able to choose effective therapeutic targets,?*** and since
these vary during development, prevention and treatment of
brain injury need to be adjusted accordingly. To better
understand the pathogenesis and developmental variations
of HI neuronal cell death, we developed a mouse rodel where
a simitar extent of injury could be achieved by adjusting the
duration of the hypoxia time, thereby enabling us to study the
relative contribution of different mechanisms at different ages.
Specifically, we investigated caspase-dependent and cas-
pase-independent apoptotic mechanisms as well as one
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marker of oxidative stress (NOS-dependent, peroxynitrte-
mediated nitrotyrosine formation), necrosis-related activation
of calpains and autophagy.

Results

HI brain injury

Similar tissue Injury was seen in the cortex, striatum,
hippocampus and thalamus in the Ipsilateral hemisphere at
all ages (Figure 1a). The nucleus habenularis (NH), however
displayed a marked developmental change inits susceptibility
to HI. The NH is very senstitive to Hl In the immature brain,®
but this vulnerability decreased with age and the NH was
resistant to HI in P60 mice (Figure 1b).The neuropathological
score and tissue loss were virtually Identical at P5, P9, P21
and P80 using the ditferent durations of hypoxic exposure
indicated in Materials and Methods (Figure 1c).

Striatum

a Hippocampus

P9

P21

pathological score ©

Apoptosis-inducing factor (AlF) translocation and
cytochrome ¢ {Cyt c) release from mitochondria
after Hi

The levels of AIF protein in mouse brain homogenates were
virtually unchanged during nermal brain development from P5
to P60 (Figure 2a). In the mitochondrial fraction, there was
about 20% less AlF in the ipsilateral hemisphere compared
with the contralateral hemisphere in P5 mice 24h post-HI,
indicating that this amount had been released. This AIF
release was reduced to about 10% in juvenile and adult brains
{Figure 2b). In tissue sections, AlF immunoreactivity was non-
nuclear in normal neurons; however, in damaged brain areas,
as judged by the loss of MAP-2, AlF was translocated from
mitochondria to nuclel very early after HI, producing a distinct
nuclear staining (Figure 2c), in agreement with our earlier
findings in the neonatal rat brain after H1,>2 in the adult mouse
brain after focal ischemia® and in progenitor cells of the
developing brain after irradiation.®* The number of AIF-
positive nuclei increased significantty at 3h post-HI and
reached a peak at 24 h after the insult in most regions of the
immature brain, more pronounced in P5 mice {Figure 3).
Significant, but much fewer, AlF-positive nuclel were ob-
served in the mature mouse brain regions (except for the

30 §100
254-----------------rr-- § 80 -
207 2 60
154 E-

104 3 40
5 - § 20 A
0 - g 0

P5 P9 P21 P60 PS5 P9 P21 P60

Figure1 Braininjury after Hl in the developing brain. (a) Representative MAP-2 staining 72 h after Hl at the dorsal hippocampus and striatum lavels of P5, P8, P21 and
P60 mice after 65, 60, 50 and 40 min hypoxia, respectively. The injury encompassed large areas of the cortex, hippocampus, striatum and thalamus. (b) The sensitivity of
the NH to Hi was very ditferent in the immature (P5) brain and adult (P60} brains. This area is very vulnerable in P5 brains but there was no obvious injury in the adult
brains as indicated by MAP-2 staining 24 h post-Hl. The dotted areas are shown in a karger magnification in the lower panels. (¢) The brain njury was similar between
different age groups as evaluated by the pathological scare (left graph) and tissue loss (nght graph) (= 6 for each age group}
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Figure 2 Developmental regulation of AlF. {a) Immunoblots of normal brain
homogenate samples from postnatal day {P) 5, 9, 21, 60 {n=5 for each age),
demonstrating that there was no significant change in the AIF protein levels
during norma! development. The actin staining on the same membrane verified
equal loading. (b) AIF was released from the mitochondrial faction n the
ipsilateral (IL) compared with the contralateral (CL) hemispheres at 24 h post-Hl.
The loss of AIF was more pronounced in the immature brams (*P<0.05
compared with P21 and P60). The actin staining on the same membrane verified
equal foading. (€) Typical AIF immunostaining of control and injured (H1) tissue.
Injured cells displaying nuclear AIF staning are indicated by amows,
Bar=20 um

denate gyrus (DG)), especially in P60 mice. In the NH, the
number of AlF-positive nuclei decreased dramatically with
development reflecting the resistance to HI at P21 and P60
(Figure 3).

Another mitochondrial, proapoptotic protein, Cyt ¢, dis-
played an approximately two-fold increase during normal
brain development (Figure 4a). It was released from mito-
chondria in the ipsilateral hemisphere after Hi, more pro-
nounced in the immature brain than in the adult brain
(Figure 4b). In tissue sections, neuronal Cyt ¢ staining was
found to be more intense and distinct in the cytosol of
damaged brain areas (Figure 4¢), presumably indicating
release of Cyt ¢ from mitochondria, as demonstrated ear-
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lier.32% Counting of cells with strong cytoplasmic Cyt ¢
staining, revealed a pattemn similar to that of AlF-positive
nuclei, with higher numbers in the immature brains, but the
total number of strongly Cyt ¢ staining cells was smaller than
that of AlF-positive nuclei (Figure 5).

Caspase-3 activation after HI

Caspase-3, the most abundant effector caspase in the
immature brain, decreased dramatically with brain maturation
(Figure 6a), displaying an inverse correlation with Cyt ¢, as
demonstrated earier in the rat brain,’®32 The 32 kDa proform
was cleaved and produced the calpain-dependent 29 kDa and
the caspase-dependent active 17 kDa fragments after HI in
the ipsilateral hemisphere in the immature brains. The
cleavage products were difficult to detect in the juvenile and
adult brains (Figure 6b). Using an antibody against the 17 kDa
active form of caspase-3 on tissue sections, conspicuous
staining was obtained in numerocus neurons in MAP-2-
negative areas in the immature brains (Figure 6:), and this
staining has earier been shown to colocalize with other
markers of cellular injury.'2'32 DEVDase assays showed
that the caspase-3-like activity increased 31-foldin P5 and 25-
foldin P9 mice 24 h post-HI, compared with the normal control
brains {Figure 6b), consistent with when the peak of caspase-
3 activation occurs in the neonatal rat brain a’ter HL'®23
Caspase-3 activity increased about 40% in P21 and P60 mice,
compared with the nomal control brains (Figure 6d). Active
caspase-3 staining In tissue sections increased at 3h and
reached apeak at 24 h post-H| in most regions in the immature
and juvenile brains (PS5, P9 and P21) (Figure 7). In the adult
brains (P60), the caspase-3-positive cells appeared gradually
and reached a peak at 72h in all injured areas (Figure 7). The
total number of active caspase-3-positive cells was lower In
the juvenile and adult brains than in the immawure brains,
except for the CA3 (P21 and P60) and DG (P21) subfields of
the hippocampus (Figure 7).

Calpain activation after Hi

Calpain 1 did not change appreciably in the normal brains
during development (Figure 8a), but after HI almost half of the
calpain 1 was lost In the immature brains (Figure 8b), most
likely as a result of activation and subsequent degradation,®
In the juvenile and adult brains, however, the loss was
significantly lower, only abott 5% in P60 mice (Figure 8b).
Calpain 2 was not significantly regulated during development,
except for a somewhat higher level in P5 mice (Figure 8c).
About 20-30% of the calpain 2 protein was lost after HI, but
there was no significant difference between ages (Figure 8d).
Activation of calpains results in specific fodrin cleavage
products alpha-fodrin breakdown product (FBDP) of 145
and 150kDa, relatively resistant to further cegradation.
FBDPs have been used extensively as markers of calpain
activation, including after neonatal HL'831:3537 1y this study,
FBDPs were prominent after HI at afl ages (Figure 8e), unlike
the caspase-dependent 120kDa cleavage product, which
was apparent only In P5 and P9 mice (Figure 8g}. In tissue
sections, an antibody specific for the n-terminal 145kDa
FBDP, produced strong staining in injured neurons early after
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