Developmental regulation of neuronal cell death
C Zhuet al

F-N

g

140

I field
0
[+

«
[+

40

Poslitive cells / visual
&
o

P5 3h Bh 24h 72h P@ 3h BhZéh72h P21 Jh Bh 24h 72h P8O Th Bh 24h 728

lve calls / visual fleld

Posit

120
) Striatum E
T 2
i [}
2 80f---o e ]
= 2
60 =
® 3
o

] -
E 204-- B ----B LB s
3 g

P8 3h Bh 24h T2h Pe Sh Bhiah72h P21 3h Bh 24h 72h P80 3h Bh 24h T2h

P5 3h 8h 24nT2h P8 Jh bh 24nTZh P21 5h Bh24hTIh P8O 3h Bh24hT2h

PS 3h Bh24h72h P9 3h Bh24hT2h P21 3h Bh24hT2h P80 3h Bh 240 T

140

DG

T 120 7
100
> B0 T
- T
I
% 2 z I

P35 3h Sh24hT2h P9 3n Sh 24h72h P2 3h Bh 24hT2h mmmrmz-a.

I

8

ositive cell:
s

Figure3 Counts of AlFpositive cells in the ipsitateral hemisphere after Hi. AlF-positive cells {as shown in Figure 2c) displayed conspicuous cytosolic and/or nuclear
immunostaining. Cells were counted in the cortex, striatum, the NH of the thalamus and the CA1, CA3 as wall as DG of the hippocampus. Data are presented as
mean + s.d (n = 6 animals per time point). The pattems of AIF immunostaining appeared to follow the time coursa for development of injury in tha selected bran regions
for P5 and P8, but not for P21 and P60. The number of AIF-positive cells in the cerebral cortex peaked at 24 h post-Hi for both P5 and P9 mice, but there was no dramatic
increase in AIF-pasitive cells in the injured areas of P21 and P60 mice, The lack of AIF-positive cells inthe NH of P21 and P60 mice reflects the lack of injury in this region

at these ages

HI (Figure 8f). FBDP-positive cells accumulated and reached
a peak In injured and borderline regions ipsilaterally as early
as 3h post-Hl in the cortex, striatum and NH of P5 mice
(Figure 9). FBDP-positive cells appeared in a somewhat
detayed fashion in P60 mice in those regions (Figure 8}. In the
hippecampus, especially in the CA1, unlike the cortex, very
few FBDP-positive cells could be detected in PS5 and P9
animals, but more positive cells were observed in P21 and
P60 animals (Figure 9).

Nitrotyrosine formation after Hi

Both nNOS and INOS showed a similar developmental
pattem, displaying approximately three-fold higher protein
levels at P5 than P80 (Figure 10a and b). In tissue sections,
NOS-dependent, peroxynitrite-mediated nitrotyrosine immu-
noreactivity was mainly located in the nuclei of injured cells
(Figure 10c). The number of nitrotyrosine-positive cells
increased immediately after HI and reached a peak around
8-24h in most of the brain regions (Figure 11), as described
earlier.>® The number of nitrotyrosine-positive cells did not
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vary appreciably between the different ages (Figure 11). The
lack of staininginthe NH reflacted its resistance to HI, asin the
case of all the other staining. The only injured area that
displayed a developmental difference was the DG, having
fewer positive cells in the juvenile and adult brains (Figure 11).

Autophagy after Hi

Immunoblots of homogenates using an antibody against
microtubule-associated protein 1 light chain 3 (LC3) showed
that LC3-l (16kDa) was abundant in the brain. LC3-l is
cytosolic, whereas LC3-11 (14 kDa) is membrane-bound, and
the amount of LC3-1l is correlated with the extent of
autophagosome formation.2® Both LC3-1 and LC3-l could
be detected in normal control brains, more pronounced in the
immature brains, and both forms were significantly lower in
normal adult brains (Figure 12a). After HI, LC3-ll increased in
the ipsilateral hemisphere, and this process appeared to peak
24-72h after H! (data not shown). The relative increase of
LC3-l in the ipsilateral hemisphere was more pronounced in
the adult than the immature brain, approximately three-fold
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Figure 4 Cyt ¢ release from mitochondria after HI. (a) The top pang| shows
representative immunoblots of homogenate samples stained with an antibody
against Cyt ¢. The middle panel shows equal loading by actin staining. The lower
panel shows the results from densitometric quatifications, demonstrating that Cyt
¢ increased significantly during development (“*P<0.01 and $P<0.01
compared with P5 and P9). {b) Cyt ¢ was released from the mitochondrial
fraction after HI in the ipsilateral (IL) compared with tha contralateral (CL)
hemisphers at 24 h post-HI, more pronounced in the immature brains (*P<0.05
compared with P60). The actin staining on the same membrane verified equal
loading. () Typical immunostaining of Cyt ¢ in control and postischemic (HI)
tissue. An injured, Cyt opositive cell is ndicated by an arrow in the right panel.
Bar=20 um

higher compared with nomal controls, somewhat less
compared with the contralateral hemispheres (Figure 12b).

Discussion

The Iinfluence of age on HI brain injury

The developing brain has been reported to be more resistant
fo certain insults than its aduft counterparts.'® The reason for
increased susceptibility to injurious stimuli in older brains is
often attributed to increased metabolic requirements once
connectivity is complete.®® Other experimental studies ques-
tion these conclusions.*®2*% McDonald et al.® injected NMDA
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into the striatum of 7-day- and 3-month-old rats, producing 21
times larger damage in the younger animals than in the
adutts,® which reflects the higher density of NMDA receptors
in the developing brain. Similarly, lkonomidou et al® demon-
strated that the wulnerability to HI peaked at P86, and
diminished thereafter. Yager ef &/, using male rats exposed
to identical HI insults, demonstrated that brain damage was
most severe in 1- and 3-week-old animals, followed by those
that were 6 months old. The 6- and 9-week-old animals had
significantly less injury than the other age groups.® Qur results
are consistent with the apprehension that immature brains are
considerably less susceptible to HI injury than mature ones.
The two independent methods used to evaluate brain injury in
this study have been shown to correlate well with each
other.4"*3 Our results showed that longer hypoxia times were
required to obtain a similar degree of brain Iirjury in the
immature brains than in the older ones. Furthermore, in the
immature brain, extensive atrophy was observed, that is, In
addition to the acute loss of dead tissue, there was: secondary
loss of tissue because the acutely lost tissue could not support
the further growth of the surrounding brain tissue. Using the
different durations of hypoxia, both the extent and distribution
of brain injury was very similar, with a couple of exceptions.
The NH was virually resistant to HI injury in P60 mice,
whereas in the immature brain, this area is one of the first to
display signs of tissue damage, such as loss of MAP-2. The
CA1 has earlier been reported to be relatively resistantto Hlin
the immature brain, and the selective vulneratility of this
subfield developed between P13 and P21 in rats.? In the
present study, the CA1 was injured at all ages; however, the
mechanisms involved appeared to change dramatically
between P5 and P21, shifting from mainly AIF translocation,
Cyt c release and caspase-3 activation at P5, to mainly
calpain activation at P21 and P80. It is clear that the
vulnerability of the brain Is strongly influvenced by age,
although the mechanisms behind these developmental
changes are only partly understood.?9-2244

The influence of age on cell death mechanisms

Activation of caspase-3 appears to be a critical event in the
execution of netronal apoptosis in the brain during develop-
ment and after acute injury."?'2%25 |y this study, we
examined caspase-3 during normal development and after
HI. We demonstrated that caspase-3 decreased dramatically
during normal development of the mouse brain as judged by
the basal activity and by immunoblotting, consistant with our
previous reports from the rat brain.'%23%2 This developmental
downregulation of caspase-3, as well as downregulation of
other elements involved in caspase-3 activation, such as
Apaf-1 and bax, occurs in parallel! with the decline of
physiological programmed cell death and may serve as a
supplementary mechanism protecting the mature brain from
apoptosls.'”'%4% Accordingly, caspase-3 activity increased
dramatically after Hl in the immature brain but increased only
slightly in the mature brain. Immunostaining of active
caspase-3 showed very few positive cells in most regions of
the adult brain, indicating that caspase-3-mediated neuronal
death does not play a major role in the mature brain after H, in
accordance with earlier findings.'27 In support of our findings,
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Figure§ Counts of Cyt c-positive cells in the ipsilateral hemisphere after HI. Cyt c-positive cells were counted in six different regions as in Figure 3. The total number of
positive cells was higher after HI in the younger animals (P5, P9) in most of the regions, displaying a pattem similar to that of the AIF counts in Figure 3

Pohl et al.** found a marked decrease with age in the extent of
distant, apoptosis-related cell death after traumatic brain
injury.

Cyt ¢cis an essential component of the respiratory chain, an
ATP-generating system in the inner mitochondrial membrane.
We found that the relative content of Cyt ¢ increased during
brain development, in agreement with eadier findings.3248
This fits with the increased energy requirement in the mature
brain needed to maintain the elaborate network of axons and
dendrites. Release of Cyt ¢ from mitochondria as a
consequence of HI has been detected by immunoblotting
and immunchistochemistry.3247 In some of the affected cells,
the staining was associated with DNA fragmentation suggest-
Ing apoptosis.®*® Other studies showed that loss of
mitochondrial Cyt ¢ was correlated with an increased
production of reactive oxygen species by mitochondria, which
may contribute to cellular damage.*®*° In this study, there
were fewer cells displaying increased cytoplasmic Cyt ¢
staining in most regions of the mature brains than in the
immature brains, indicating that Cyt c-related, caspase-3-
dependent apoptotic cell death in the mature brain is not as
prevalent as in the immature brain.

Caspases have been recognized as Important mediators of
apoptotic cell death after HI brain injury.2* However, caspase

Cell Daath and Differentiation

Inhibition has typically resulted in limited neuronal protec-
tion.®25' This Indicates that additional or caspase-indepen-
dent pathways of neuronal cell death exist. AlF was identified
as a major player in caspase-independent cell death.5?
Genetic targeting of AlF abolished the first wave of apoptosis
that Is indispensable for early embryonic morphogenesis.S®
The expression of AIF in the normal rat brain was reported to
decrease slightly with development. However, the protein
expression In the cerebellum was markedly increased,
distinctively different from the mRNA expression.®* In the
normal rat brain, not including the cerebellum, we found no
changes of total AIF protein during the nomal brain
development.®2 In this study, similar results were found using
the mouse brain. So, the constant tevels of AIF and increasing
levels of mitochondrial markers demonstrated a relative
downregulation of AIF with age.*® Mitochondrial release and
nuclear translocation ot AlF correlating with neuronal apopto-
tic cell death have been demonstrated in different brain injury
models. 32354~ |n this study, the total number of AIF-
positive nuclel decreased in all brain regions and at all the time
points with Increasing age after HI, indicating that AIF plays a
more important role in the early development of neuronal
apoptosis. Blocking AlF function with neutralizing antibodies
provided significant protection against neuronal cell death.5?

NPG.CDD 4401545



Downregulation of AIF by RNA interference could inhibit UVA-
induced cell death®® and oxygen/glucose deprivation-induced
death of primary cultured neurons (authors’ unpublished
observations}. AIF also has a potent oxidoreductase func-
tion®' and the Harlequin mouse, expressing 80% lower levels
of AlF, displayed increased amounts of hydroperoxides in the
brain, cerebellum and heart®® In summary, accumulating
evidence suggests that AIF plays an important role both in
normal development and under pathological conditions.
Calpains represent a class of cytosolic cysteine proteases
activated by elevated intracellular calcium concentrations.
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Under pathological conditions, calpains have been implicated
in excitotoxic neuronal Injury and HI brain injury,'s31-25
37.6384 Calpains are activated early in situations of energy
depletion and increased calcium influx, triggering other
downstream events leading to neurodegeneration. Calpains
are generally considered to be activated during excitotoxic
and other necrosis-related conditions.5® Fodrin is a well-
known calpain substrate and detection of specific FBDP has
been widely used to detect calpain activity,'83617.63.6887 1
this study, FBDP-positive cells increased and reached a peak
3h post-HI in the cortex, striatum and nucleus habenularis in
the immature brain, probably indicating early, necrosis-related
celi death. However, in the mature brain, the activation of
calpains occurred later, as judged by the later-appearing
FBOP, and remained on a high level even at 72 h postinsult, a
time point by which there were almost no FBDP-positive cells
left in any region of the immature brain. This may indicate
sustained calpain activation resulting In lyscsomal rupture,
causing neuronal necrosis.®®

Nitric oxide (NO) is produced by three isoforms of nitric
oxide synthase (NOS). Inducible and neuronal NOS (iNOS
andnNOS, respectively) activities have been demonstrated to
increase in mode!s of Hi in the immature brain.%-7! Excessive
NO produced after HI combines rapidly with superoxide to
form the powerful oxidizing agent peroxynitrite (ONOO-). The
ONOO~ adduct is freely diffusible In its protonated form,
oxidizes thiol groups, damages mitochondrial respiration and
induces protein nitrosylation. Nitrosylation of tyrosine resi-
dues in proteins yields the compound 3-nitrotyrosine, and
immunohistochemical detection of nitrotyrosine can be used
as an indicator of peroxynitrite formation after H1.*® Pharma-
cological inhibition nNOS and iINOS reduced nitrotyrosine
formation® and was demonstrated to be neuroprotective.”?
Oxidative stress, incduding production of NO and paroxynitrite,
is considered to induce mainly necrotic cell death but may also
be Involved in apoptosis.”® The developing brain may be

<

Figure 6 Caspase-3 activation after HI, (a) The 32kDa proform of caspase-3
decreased during development There was no significant ditference between P21
and P60. (™*P<0.001 compared with P8, P21 and P60; P <C.001 compared
with P21 and P50 The actin staining on the same membrane verified equal
loading. (b) After HI, the proforn was cleaved and produced 29 and 17 kDa
fragments in the ipsilateral {IL), but not in the uninjured cortralateral {CL),
hemisphere in the P5 and P8 mice. Densitometric quantification showing the
relative loss of the 32 kDa proform demonstrated a greater decrease in the P5
and P9 brains {**P<0.01 compared with P21 and P60). The actir staining on the
same membrane verified equal loading. (¢) Typical immunostaining of aclive
caspase-3 ¢ i control and postischernic (HI} issue. An injured, active caspase-3-
positive cell & indicated by an arrow in the right panel. Bar =20 um. (d) Crude
cytosalic fractions from naive PS5, P9, P21 and P60 (= 5 for ezch age) control
animals (Control), and from animals subjected to HI, were assayed for their ability
to cleave a fluorogenic peptide substrate (DEVD), reflecting the caspase-3-ike
activity. All animals subjected to HI were killed 24 h post-HI. The data represent
the average from five male animals in each group + S.D. The activity decreased
significantly during development in the normal, control brains (small panel)
{*P<0.0001 compared with P9, P21, P50; 9P<0.001 compared with P21,
P60). After HI, the activity increased significantly at 24 h post-Hl in all the groups
in the ipsilateral {Ipsi} compared with normat controls, much more pronounced for
P5 (31-fold increase) and P3 mica (25-fold increase), The increase was not
nearly as pronounced n P21 and P60 mice (§§P<0.0001 and §P<0.05
compared with the nomal controls in the same age group; *P<0.0001,
compared with P9, P21, P60; 1P <0.001, compared with P21, P60)
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Flgure 7 Counts of active caspase-3-positive cells in the ipsilateral hemisphers after HI. Active caspase-3-positiva cells were counted in six different regions as in
Figures 3 and 5. In most regions, the number of caspase-3-positive cells ncreased from 3h and reached a peak at 24 hin the cortex of P5, P3 and P21 animals, but at

72 h {or PEQ mice

particularly vulnerable to oxidative damage because of its high
concentrations of unsaturated fatty acids, high rate of oxygen
consumption, low concentrations of antioxidants, and in-
creased availabifity of ‘free’ redox-active iron.” In this study,
however, the extent of nitrotyrosine formation after HI was
similar at all ages, despite downregulation of both nNOS and
iNOS protein during development. Notably, the levels of INOS
wera constitutively high in the immature brain even in naive
control animals.

Autophagy is a process responsible forthe bulk degradation
of intracellular material in double or multiple-membrane
autophagic vesicles, and their delivery to and subsequent
degradation by the cell's own lysosomal system. Just like the
genetically controlled, physiological programmed cell death,
autophagy was demonstrated to be more pronounced during
embryonic development and tissue remodeling.” One study
suggests that autophagy is a caspase-independent, geneti-
cally controlled cell death.”® Visualization of autophagic
vesicles by electron microscopy is still the golden standard
to demonstrate that autophagy is taking place. The electro-
phoretic mobility change of LC3 from the nonautophagic,
cytosolic form (LC3-{; 16 kDa) to the autophagic, membrane-

Call Daath and Differsntiation

recruited form {LC3-Il; 14kDa) provides the first molecular
marker-based method for detection of autophagic activ-
ity.2%77-7° The notion that autophagy is involved in tissue
remodeling is in agreement with our finding that the basal
levels of LC3-tl in normal control animals was 2.5 times higher
in the immature than in the adult brains. After HI, increased
LC3l levels were detected as eardy as 8h, much more
pronounced after 24 and 72 h, This indicates that autophagy is
involved in delayed cell death. Notably, a recent EM study
demonstrated numerous vacuoles In degenerating neurons.®0
Even though the basal levels of LC3-1l were higher in the
immature brains, the increase after Hl was more pronounced
in the adult brains. After HI, LC3-ll levels increased about 2.5
times more in P60 animals than in P5 mice, comparing the
ipsi- and contralateral hemispheres. The Increase was even
higher {more than three times) when comparing with the
control brains instead of the contralateral hemispheres. QOur
results show for the first time that autophagy is involved in csll
death after cerebra! ischemia, and that the activation, as
judged by the recruitment of LC3-1l, was three times more
pronounced in the adult brains compared with the immature
brains,

NPG.CDDA44M545
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In summary, the sensitivity of neurons, and various brain
regions, to injury varies with the animal’s age and level of brain
development. By adjusting the duration of Hl in different age
groups, we could produce a similar extent of overall brain
damage. The most obvious developmental difference in the
response to Hl was that apoptotic mechanisms, both
caspase-dependent and caspase-independent, were acti-
vated to a much greater extent in the immature brains
compared with the juvenile and adult brains. Despite the
constant levels of AIF during brain development, mitochon-
drial release and nuclear translocation of AIF was much more
pronounced in the immature than the juvenile and adult
brains. To our knowledge, this is the first report of develop-
mental differences in AlF activation in a model of brain injury.
AlF, Cyt cand caspase-3 are more important in the immature
brain than in older animals. Calpains and NO are both
important in necrotic, and to some degree, apoptotic cell
death, but displayed no obvious developmental differences,
Autophagy, as judged by the recruitment of LC3-l, after H
was more proncunced in the adult than in the immature brain.
Taken together, our findings offer additional support for the
fact that prevention and treatment of brain injury need to be
adjusted to the developmental level,

Materials and Methods

Induction of HI

Unllateral HI was induced in C57/BL6 male mice on postnatal day 5 (P5),
P8, P21 and P60 essentially according to the Rice=Vannucei model.™*
Mice were anesthetized with halothane (3.0% for induction and 1.0-1.5%
for maintenance) in a mixture of nitrous oxide and oxygen (1 1), and the
duration of anesthesia was < 5min. The left common carotid artery was
cut between double ligatures of prolene sutures {6-0). After surgery, the
wounds wers infitirated with a bocal anesthstic, and the pups were aflowed
to recover for 1-1.5h. The litters were placed in a chamber parfused witha
humidified gas mixture (10% oxygen in nitragen) for 65 min (P5), 60 min
{P9), 50min (P21) or 40min (PEQ). The temperature in the incubator, and
the temperature of the water used to humidify the gas mixture, was kept al
36°C. After hypoxic exposure, the pups were retumed to their biological

<«

Figure 8 Calpan activation after HI. (a) Immunoblots of homogenates from
control mice showed that the protein levels of calpain 1 {large subunit, 80kDa)
changed very littke during development. (b) The 80kDa large subunit was lost
after H\ in the ipsilateral (IL) hemispheres, compared with the contralatera (CL)
hemisphere, but the reduction was more pronounced in P2 and P9 mice than that
in P21 and P60 mice (*P<0.05 compared with P5, P4 and F21; 1P<0.05
compared with PS and P9). (¢} Immunablots of calpain 2 (80 kDa large subunit) in
normal homogenates demonstrated a somewhat higher level in PS brains
(**P<0.05 compared with P21 and P60). (d) After Hl, the 80 kDa band was
partly depleted in the ipsilateral (IL) hemispheres, and the reduction was about
the same at all ages. (e) Immunoblots of homogenate samples stained with an
antibody against fodrin showed that the levels of intact, 240 kDa fodrin increased
during development, as demonstrated in the contralateral (CL) hemispheres. A
150 kDa calpain-specific fodrin breakdown product {FBDP) was cetecied only in
the ipsilateral hemispheres at 24h post-HI. The 120kDa caspase-3-specific
breakdown product was detected only in the immature brains. The actin staining
on the same membrane verified equal loading for the Westem blots (a—e). (f)
Representative stainings of control and postischemic (HI) tissue using an FBDP-
specific antibody. An immunaoposttive cell is indicated by an arrow in the right
panel. Bar=20pum
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Figure 9 Counts of FBDOP-postive cells in the ipsilateral hemisphere after HI. FRDP-positive cells were counted in six different regions as in Figures 3, 5and 7, In the
cortex, the number of FBDP-positive cells had increased to a high level by 3 h post-Hl and decreased by 72 h after the insult in the young animals (PS5, PS). For the P21
and P60 animals, however, the number of positive celks increased later, peaking by 24 h and still being elevated at 72 h post-HI. A similar pattem was seen in the striatum,
Again, the lack of immuncpositive cells in the NH in the P21 and P60 mice reflected the resistance to injury. The appearance of FBDP-positive cells in all the subfields of
the hippocampus after Hl was similar to that in the cortex, but there were more positive cells in P21 and P60 animals than in the younger P3 animals. This difference was

particulatty obvious in the CA1

dams and were allowed to recover for 3, 8, 24 or 72h. The injury was
evaluated at 72h postH! through neuropathological scoring and
measurement of tissue volume loss. Control pups, subjected to neither
ligation nor hypoxia, wera killed at postnatal day 5, 9, 21 or 60. All animal
experimentation was approved by the Ethical Committee of Goteborg (94-
2003).

Sample preparation for immunoblotting and
activity assay

Animals were killed by decapitation 24 h after HI {n=5 for each age).
Control animafs were killed on postnatal day 6, 10, 22 or61 (n=5foreach
age). The brains were rapidly dissected out on a bed of ice. Parietal cortex
was dissacted out by first removing the frontal and occipital poles (approx.
2-3mm) of the brain, and second, after posttioning the brain with the
occipital pole face down on the dissection tray, removing the
diencephalon, the medial cortex and the ventrolateral {piritorm) cortex,
leaving an approximately 50 mg piece of parietal cortex. This piece was
dissected out from each hemisphere and 9 volumes of icecold
homogenization buffer was added (15mM Tris-HCl, pH 7.6, 320mM

Cell Daath and Diffsrentiation

sucrose, 1 mM dithiothrelitol, 1 mM MgCl,, 0.5% protease inhibitor cocktall
{P8340, Sigma) and 3mM EDTA-K). Homogenization was performed
gently by hand in a2 2-m glass/glass homogenizer. Half of the homogenate
was sonicated and used for Western blotting. The other half of the
homogenate was centrfuged at 800 x g for 10min at 4°C. The
supematant was then centifuged at 9200 x g for 15min at 4°C,
preducing a crude cytosolic fraction in the supematant (S2), subsequently
used for the caspase-3 adlivity assay. The pellet (P2), enriched in
mitochondria, was washed, recentrifuged and used for Westemn blotting.

Immunohistochemistry

Mice were deeply anesthetized with 50 mg/ml phenobarbital and their
brains were perfusion-fixed with 5% formaldehyde in 0.1M phosphata
buffer through the ascending acrta for Smin. The brains wera rapidly
removed and immersion-fixed at 4°C for 24 h. The brains were dehydrated
with xylene and graded ethano!, paraffin-embedded, sedal-cut into 5 um
sections and mounted on glass slides. Antigen retrieval was performed by
befling deparaffinized sections in 10 mM sodium citrate buffer (pH 6.0) for
10 min. Nonspecific binding was blocked for 30 min with 4% horse serum
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Figure 10 Deverc)pmenta! reguiation of NOS. {a and b) Representative
immunoblots of brain homogenate samples stained with an antibody against
neuronal nitric oxide synthase (DNOS; 155kDa) or inducible NOS (INOS;
130 kDa), demonstrating & continuous decrease during development. Densito-
metric quantification revealed that the P5 brains had three times higher levels of
nNOS and NOS than adult ones (*P<0.01 and §P<0.05 compared with P5
and P9). The actin staining on the same membrane verified equal loading. ()
Representative stainings of control and postischemic (HI) tssue using an
antibody against NOS-dependent, peroxynitrite-mediated nitrotyrosine. Two
immunopositive cells are indicated by amows in the rght panel, Bar=20um

(for MAP-2, Cyt ¢ and AIF) or goat serum (for active caspase-3, fodrin
breakdown product (FBDP) and nitrotyrosing} in phosphate-buffered
safine (PBS). Anti-MAP-2 {clone HM-2, Sigma), diluted 1: 2000 (4 pg/mi)
in PBS, anti-Cyt ¢ (clone 7H8.2C12, Pharmingen, San Diego, CA, USA),
diluted 1:500 (2 zg/ml} In PBS, antl-AlF {sc-9416, from Santa Cruz
Biotechnology, Santa Ciuz, CA, USA), diluted 1: 100 (2 pg/ml), antiactive
caspase-3 {67342A, Phamingen, San Diego, CA, USA), diluted 1:50
{10 ug/ml) in PBS, ant-FBDP®(1:50) and anti-nitotyrosine {A-21285,
Molecular probes, Eugene, OR, USA), diluted : 100 (10 ug/m) in PBS
were incubated for 60 min at room temperature, followed by ancther
60 min with a biotinylated horse anti-mouse IgG (2 pxg/ml) or horse anti-
goat tgG (2 ug/ml) or goat antl-rabbit 19G (2 pg/ml) diluted in PBS.
Endogenous peroxidase activity was blocked with 3% H,0, In PBS for
bmin. Visualization was performed using Vectastain ABC Elte with
0.5 mg/ml 3,3'-diaminobenzidine (DAB) enhanced with 15 mg/ml ammo-
nium nickel sutfate, 2mg/ml beta-D-glucose, 0.4mg/ml ammonium
chloride and 0.01 mg/ml beta-glucose oxidase (Sigma).
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Immunoblotting

The protein concentration was determined according to 'Whitaker and
Granum™ adapted for microplates, using a Spectramax Plus plate reader
(Molecular Devices, Sunnyvale, CA, USA). The samples were mixed with
an equal volume of concentrated (3 x ) SDS-PAGE buffer and heated
{96°C} for 5 min. Homogenates (50 g protein) were run on 4-20% Tris-
Glycine gels (Novex} and transfemed to reinforced nitrocellulose
(Schieicher & Schuell) membranes. The membranes were blocked in
30 mM Tris-HCI (pH 7.5), 100 mM NaCi and 0.1% Tween 20 (TBS-T)
containing 5% fat-free milk powder for 60 min at oom temperature. After
washing in TBS-T, the membranes were incubated with anti-AlF (sc-9418,
1: 1000, 0.2 g/, goat polyclonal antibody, Santa Cruz, CA, USA), anti-
caspase-3 (H-277, 1:1000, Santa Cruz, CA, USA), anti- Cyt ¢ (1:500,
clone 7HB.2G12, Phammingen, San Diego, CA, USA), anti-calpain 1 (also
called u-calpain) (1:1000, 1 pg/ml, rabbit pofyclonal artibody, RP1-
calpain-1, Triple Point Biologics, Forest Grove, OR, USA), anti-calpain 2
(also called m-caipain} (1:1000, 1 xg/ml, rabbit polyclonal antibody, RP1-
calpain-2, Triple Point Biologics, Forest Grove, OR,USA), ani-alpha-fodrin
{FGB090,1:500, Affiniti Research Product Ltd, Mamhead, UK), anti-
nNOS (done 16, 1:1000, 0.25 xg/ml, BD Biosciences, San Jose, CA,
USA), anti-INOS (sc-650, 1: 1000, 0.2 peg/ml, rabbit polyclonal antibody,
Santa Cruz, CA, USA) anti-LC3 (1 : 800)" and anti-actin (A2066, 1:200,
Sigma, Stockholm, Sweden) at 4°C ovemight. After washing, the
membranes were incubated with a permxidasedabeled secondary
antibody for 30 min at room temperature (goat anti-rabbit, 1: 2000, horse
anti-goat, 1: 2000, or horse anti-mouse 1 ; 4000). Immunoreactive species
were visualized using the Super Signal Westem Dura substrate (Pierce,
Rockford, IL, USA) and a LAS 1000 cocled CCD camera (Fujifilm, Tokyo,
Japan). Immunoreative bands were quantified using the Image Gauge
software (Fujifilm, Takye, Japan).

Caspase activity assays

The protein concentrations were determined as above. Samples of crude
cytosolic fractions (S2} (25 1) were mixed with 75 pd of extrastion buffer as
described earfier.?’ Cleavage of Ac-DEVD-AMG (Peptide Institute, Osaka,
Japan) was measured with an excitation wavelength of 330 nm and an
emission wavelength of 460 nm, and expressed as pmol AMC released
per mg protein and minute,

Injury evaluation

Neuropathological scoring

Brain injury in different regions was evaluated using a semiquantitative
neurapathological scoring system as described earfier® Briefly, sections
were stained with thionin/acid fuchsin and scored by an observer blinded
to the animals. The corical injury was graded from 0 to 4, 0 being no
chservable injury and 4 confluent infarction encompassing most of the
cerebral cortex. The damage in the hippocampus, stiatum and thalamus
was assessed both with respect to hypotrophy (shrinkage) (0-3) and
observable cell injunyfinfraction (0-3) resutting in a neuropathological
score for each brain region (0-6). The tota! score (0-22) was the sum of
the scores for all four regions.

Tissue volume

The volumes of tissue loss were measured 3 days post-HI by sectioning
the entire brains into 5 um sections and staining every 100th section for
MAP-2. The areas in the cortex, striatum, thalamus and hypothalamus
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Figure 11 Counts of nitrotyrosine-positive cells in the ipsilateral hemisphere after HI. Nitrotyrosine-positive cells were counted in six different regions as in Figures 3, 5,
7 and 9. Nitrotyrosine-positive cells increased earty during reparusion and reached a peak around 8 h atter HI. In P5 brains, the numbers decreased thereafter, but in P9-
60 mice the numbers remained on a high level at least until 72 h post-Hl. As in the case of the other injury markers, the NH did not display any nitrotyrosine-postive cells
inthe P21 and P60 mice, reflecting the resistance to injury at these ages. Overall, the fotal number of nitrotyrosine-positive cells was not so much different between the
different ages except in the DG where the P5 and P9 brains displayed a higher number of immunopositive cells

displaying MAP-2 staining were measured in both hemispheres using
Micro Image (Olympus, Japan} and the volumes calculated according to
the Cavalieri Piinciple using the following formula: V=3"APT, where
V=total volume, 3"A'is tha sum of the areas measured, P=the inverse
of the sampling fraction and Tis the saction thickness.® The ratio of tissue
loss = {contralateral volume—ipsilateral volume)/contralateral volume.

Cell counting

Cell counting was performed in the cortex, hippocampus, striatum and
thalamus (NH) in the similar level for different ages (according to Bregma:
~—1.64 mm of P60, Frankiin and Paxinos). The hippocampus was divided
intothe CA1, CAJ and DG subfields. Positive cells ware counted at x 400
magnffication {one visual field = 0.196 mm?). In the cortex, three visual
fields within an area displaying loss of MAP-2 (it any) wera counted and
expressed as average number per visual field. Parallel sections were used
for all different staining. The counting results were corrected for possible
differences in celiular density at different ages by expressing the results as

Cell Death and Differsntiation

number of immunopositive cafls per total number of cells in the visual field
of area counted.

Statistics

The Mann-Whitney U-test with Bonferroni comection, preceded by a
Kruskal-Wallis test when comparing more than two groups, was used
when comparing injury scores and tissue loss. ANOVA with Fisher's post
hoc test was used when comparing quantification of Westem blots and
activity assay. Significance leve! was assigned at P<0.05.
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Abstract

Caspases are cysieine proteases involved in apoptotic pathways. Excess endoplasmic reticulum (ER) stress, induced by the accumulation
of unfolded or malfolded proteins, activates various apoptotic pathways. Crosstalk between the mitochondria and ER plays an essential role
in ER stress-mediated cell death. The cytochrome c-dependent apoptotic pathway is activated by ER stress. On the other hand, caspase-12,
which is located at the ER, is also activated by excess ER stress and results in cell death in the absence of the cytochrome c-dependent pathway.
The predominant apoptotic pathway may differ among cell type and differentiation stage.

© 2004 Elsevier B.V. All rights reserved.
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1. Cell death and caspase activation

Caspases, a family of cysteine proteases which have the
consensus sequence QACXG in the active site, are critical
mediators of programmed cell death. Thus far, 14 family
members have been identified (Cryns and Yuan, 1998). Cas-
pases are activated by other caspase family members in a
sequential cascade of cleavage. Two major apoptotic path-
ways have been identified. One involves caspase-8, which
has a death effector domain (DED) at the N-terminus, and
mediates signals downstream of death receptors located on
the plasma membrane (Boldin et al., 1996). Caspase-8 isre-
cruited to a death-inducing stimulating complex (DISC) and
then activated (Kischkel et al., 1995; Muzio et al., 1996). The
other involves caspase-9, which has a caspase-associated re-
cruit domain (CARD) in the N-terminus and is known to
mediate apoptotic signals after mitochondrial damage. Cy-
tochrome ¢ release from mitochondria plays a key role in
caspase-9-mediated apoptosis. Caspase-9 is activated in an
apoptosome complex by associating with Apaf-1, which is
bound to cytochrome ¢, via the CARD domain (Zou et al.,
1997, 1999).

* Tel.: +81 423 41 2711; fax: +81 42 346 1751.
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Members of the Bel-2 family dually regulate cytochrome
c release from mitochondria {Thornberry and Lazebnik,
1998). Bax and Bad positively regulate release, while Bel-2
and Bel-xL negatively regulate it. Bid, BH3-only Bcl-2 pro-
tein, is a protein known to interact with both Bel-2 and Bax
through its BH3 domain (Wang et al., 1996). Caspase-8 pro-
cesses Bid, and the C-terminal part of Bid then translocates
to the mitochondrial membrane and triggers cytochrome
c release (Li et al, 1998; Luo et al., 1998). Thus, the
mitochondria are centers for the regulation of cell death.

2. ER stress and cell death

The endoplasmic reticulum (ER) is the site of assembly
of polypeptide chains destined for secretion or routing into
various subcellular compartments. When cells are exposed
to ER stresses caused by agents such as tunicamycin (a spe-
cific inhibitor of N-glycosylation in the ER), brefeldin A (an
inhibitor of ER/Golgi transport) or thapsigargin (an inhibitor
of Ca?*-ATPase), malfolded or unfolded proteins accumu-
late in the ER lumen (Kaufman, 1999). Cells respond to
these stresses by increasing the transcription of genes encod-
ing ER molecular chaperons, including that for the glucose
regulated protein GRP78 (Bip), a chaperone which increases
protein folding in the ER lumen. This cellular response is
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known as the unfolded protein response (UPR) and occurs
via the ER stress sensor protein IREla.

Recently, the ER was shown to be another center of reg-
ulation for cell death (Ferri and Kroemer, 2001). Excess
amounts of malfolded and unfolded proteins are translo-
cated from the ER to the cytoplasm and are degraded by
a ubiquitine-proteasome system called the ER-associated
degradation system (ERAD). However, if degradation is not
sufficient, prolonged stress activates various apoptotic path-
ways. IREla can recruit the cytosolic adaptor protein, TNF
receptor-associated factor 2 (TRAF2), which in turn recruits
and activates ASK, the proximal component of the ¢-Jun
N-terminal kinase (JNK) pathway (Kyriakis et al,, 1994,
Urano et al., 2000). Prolonged activation of ASK and JNK
results in apoptosis (Tournier ¢t al., 2000) (Fig. 1).

The downstream apoptotic pathway of ER stress-mediated
cell death has recently been studied in more detail. INK
is translocated to the mitochondrial membrane (Aoki
et al,, 2002) and it stimulates the phosphorylation of Bim,
BH3-only Bel-2 protein (Lei and Davis, 2003; Putcha
et al., 2003), which in turn are critical for Bax-dependent

Bax/VDAC
channel

\

cytochrome ¢

+ A 4

csapase-9
activation

— Cell Death

Fig. 1. ER stress-mediated apoptotic pathways in various mouse
cells. Three major apoptotic pathways have been reported in the ER
stress-mediated cell death: (1) caspase-12-dependent apoptotic pathway;
(2) ASK/INK pathway, which induces cytochrome ¢ release from mi-
tochondria and caspase-9 activation; (3) Bap31 and caspase-8 pathway,
which also induces cytochrome ¢ release from mitochondria and caspase-9
activation.

cytochrome ¢ release. A Bcl-2 protein targeted to the ER,
Bcl-2/cb5, inhibits ER stress-mediated cytochrome ¢ release
(Hicki et al., 2000). In contrast, RTN-xs, a member of the
reticulon (RTN) family, reduces the anti-apoptotic activities
of Bel-2 and Bel-xL in tunicamycin-induced cell death by
interacting with them at the ER {Tagami et al., 2000). Thus,
the signaling pathway mediated by cytochrome ¢ release
plays an essential role in ER stress-mediated apoptosis. In
addition to cytochrome ¢ release from the mitochondria,
excess ER stress induces caspase-12 activation. However,
their relationship has not been clearly understood.

3. Activation of caspase-12

Caspase-12 (Van de Craen et al., 1997) is specifically lo-
calized on the cytoplasmic side (outer membrane) of the
ER and is thought to play a role in ER stress-mediated cell
death (Nakagawa et al., 2000). Caspase-12 is activated by
ER stress stimuli such as tunicamycin, brefeldin A, and thap-
sigargin, but not by membrane- or mitochordrial-targeted
apoptotic signals. ER stress-mediated apoptosis is partly
suppressed by a caspase-12 deficiency, suggesting involve-
ment of the caspase-12 in this apoptosis.

Caspase-12, like most other members of the caspase
family, requires cleavage of the prodomain to activate
its proapoptotic form. So far, several possible molecular
mechanisms for the processing of caspase-12 have been
postulated (Fig. 2). Nakagawa and Yuan (2000) reported

Autoprocessing  caspase-7
Ca 3+ k »
ASKER) DI14D341
caspase-12 ID
(nctne)
anti-KDEL anti-m12D341
(ER marker)  Hoechst
DSISIDJJ]

Nucleus

T“mc.m)cm..

Fig. 2. Processing of caspase-12 by ER stress. Upon ER siress, caspase-12
is associated with caspase-7 and processed at D™ and D™ by caspase-7
(Rao et al., 2001). Calpain, calcium-activated cytein protease, also cleaves
N-terminal site and then caspase-12 is autoprocessed at 1*'® (Nakagawa
and Yuan, 2000). By immunostaining using anti-mi2D341, antibody
specifically reacting with the processed fragment of caspase-12 at D™,
Fujita et al. (2002) demonstrated that active form of caspzse-12 is translo-
cated from ER to nucleus. Anti-m12D34]1 immunoreactivity is detected
in the ER at 12h but also in the nucleus at 30h after tunicamycin (3 pM)
treatment. Red; anti-mi2D341 , green; anti-KDEL (ER marker), blue;
Hoechst 33342,
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that m-calpain, another cysteine protease, is responsible for
cleaving procaspase-12 to generate the active caspase-12.
Caspase-12 is initially processed at the N-terminal region
by calpain, activated by ER stress. Caspase-12 is then ac-
tivated and autoprocessed at D?'8. Thus, calcium released
from the ER may trigger a novel apoptotic pathway in-
volving calcium-mediated calpain activation and crosstatk
between the calpain and caspase families.

Caspase-12 possesses a CARD domain (Fig. 3) (Lamkanfi
et al., 2002), through which caspase-9 and Apaf-1 interact
and form apoptosome complexes. It may be possible that,
like caspase-9, caspase-12 is activated by its association with
an Apaf-1-like protein. However, while apaf-1 (—/—) fibrob-
lasts are resistant to apoptotic insults that induce the intrinsic
apoptotic pathway, these cells are susceptible to apoptosis
induced by thapsigargin and brefeldin A (Rao et al., 2002a).
Caspase-12 may bind to molecules other than Apaf-1.

GRP78 is involved in polypeptide translocation across the
ER membrane, and also acts as an apoptotic regulator by
protecting the host cell against ER stress-induced cell death,
Treatment of cells with ER stress inducers such as brefeldin
A and thapsigargin causes GRP78 to redistribute from the
ER lumens, so that subpopulations exist in the cytosol and as
ER transmembrane protein (Rao et al., 2002b; Reddy et al.,
2003) and induces the expression of the caspase-12 protein
and also leads to the translocation of cytosolic caspase-7 to
the ER surface. GRP78 forms a complex with caspase-7 and
caspase-12 and prevents the release of caspase-12 from the
ER, but upon excess ER stress, caspase-7 associates with
caspase-12 and cleaves the prodomain at D** to initiate the
processing of caspase-12 at D3, resulting in increased cell
death (Rao et al., 2001) (Fig. 2).

The other molecule which complexes with caspase-12 is
TRAF-2. Caspase-12 is shown to be released from TRAF2
complexes by ER stress and is then autoprocessed via ho-
modimerization (Yoneda et al., 2001). In that study c-Jun
N-terminal inhibitory kinase (JIK) is identified as a binding

73 94 318 341 439z,
caspase-12 F:ARb] I I I I
91 299 377a.a.
caspase-d4 [ CARD ] I |
54 132 340 418a.a,
caspase-5 [ I CARD | |

Fig. 3. Molecular structure of mouse casapse-12, human caspase-4 and
caspase-5. Amino acid sequences of mouse caspase-12 (Van de Craen
et al, 1997) are 48 and 45% identical to those of human caspase-4
and caspase-5 (Faucheu et al, 1995; Kamens et al, 1995, Munday
et al, 1995), respectively. Mouse caspase-12 has putative cleavage sites at
D3(ATAD*'8) and D¥*(VETD*!), while caspase-4 and caspase-5 have
their cleavage sites at D2%(VEKD?%) and D¥*Y(EEKD™?), respectively.
The tetrapeptide at cleavage site of capase—4 at D?? is very similar to that
of caspase-12 at D!, Caspase-12, caspase-4 and caspase-5 have CARD
domain at their N-terminal regions, 4-73, 2-91, and 54-132, respectively.

partner of [IREla. JIK modulates IRE1a-TRAF2 complex
formation and the resultant alteration to JNK signaling from
IREl . Inresponse to ER stress, TRAF2 plays crucial roles,
not only in the signaling of the JNK pathway but also in the
activation of caspase-12, to transduce signals from IREla.
Thus, TRAF-2 is a missing link in the ER stress-induced
apoptosis signaling pathway, one which connects the stress
sensor molecule IREla and the activation of caspase-12.

4. Cytochrome c-independent apoptotic pathway via
caspase-12 activation

Although activation of caspase-12 from procaspase-12
is specifically induced following insult to the ER, the
functional consequences of caspase-12 activation have re-
mained unclear. In a cell free-system, ER stress activates
a mitochondrial and Apaf-1-independent, intrinsic apop-
totic pathway (Rao, 2002a). Caspase-12 activates caspase-9
without the involvement of cytochrome ¢ (Morishima et al.,
2002). It may be possible that procaspase-9 is a substrate
of caspase-12 and that ER stress triggers a specific cas-
cade involving caspases-12, -9, and -3 in a cytochrome
c-independent manner in vivo.

Fujita et al. (2002) prepared antisera against the putative
caspase-12 cleavage sites, D*'* and D*"!, (anti-m12D318
and anti-m12D341) and examined the localization of the
processed fragments of caspase-12 following induction by
tunicamycin. Anti-m12D318 and anti-m12D341 immunore-
activity sites are located not only in the ER but also around
and within the nuclei of the apoptotic cells. Processing at
the N-terminal region is necessary for the release of the pro-
tein from the ER and for the translocation of the processed
caspase-12 into the nuclei. Activated caspase-12 may di-
rectly participate in apoptotic events in the nuclei.

5. Human caspase-12

In contrast to mouse, functional caspase-12 is lacking
in humans (Fischer et al., 2002). Alignment of the murine
caspase-12 ¢cDNA with the human genome sequence in-
dicates that the human caspase-12 gene is localized at a
single locus within the caspase-1/ICE gene cluster includ-
ing caspase-1, caspase-4, and caspase-5 on chromosome
119q22.3. The human caspase-12 gene has nine alternatively
splice transcripts, but a frame shift mutation and a prema-
ture stop codon, which are present in all splice variants, pre-
clude the expression of a full length protein. An additional
loss-of-function mutation within the SHG box, a critical site
in caspases, prohibits any proteins, if any are produced, from
acting catalytically.

In place of caspase-12, other caspases may play roles in
the ER stress-mediated cell death of human cells. Candidate
caspases involved are caspase-4 and caspase-5. Procaspase-4
and procaspase-5 amino acid sequences are 59 and 54%
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identical to mouse procaspase-11, respectively. Procaspase-4
and procaspase-5 have an amino acid sequence identity of
77% (the next highest identity score being 55% between
procaspase-1 and procaspase-4) and are localized at the locus
of 11¢22.3. On the basis of these results, human caspase-4
and caspase-5 are considered to be duplicated counterparts
of mouse caspase-11 (Lamkanfi et al., 2002).

However, both caspase-4 and caspase-5 have a CARD
domain at the N-terminal and also show high similarity to
mouse caspase-12 (Fig. 3} (Faucheu et al., 1995; Kamens
et al.,, 1995; Munday et al,, 1995); i.e. procaspase-4 and
procaspase-5 amino acid sequences are 48 and 45% identical
to procaspase-12, respectively. Furthermore, the tetrapeptide
around the cleavage site of caspase-12, VETD*!, is simi-
lar to that of human caspase-4, VEKD??, Very recently, it
has been shown that caspase-4 is located at the ER and ac-
tivated by ER stress (Hitomi et al., 2004). Thus, caspase-4
is involved in the ER stress-mediated cell death of human
cells. At present, however, it is not clear whether caspase-4
and caspase-12 are associated with same molecules located
at ER via their CARD domain and activated by the common
molecular mechanism.

6. Cytochrome cdependent apoptotic pathway
activation by ER stress

The level of expression of caspase-12 is different in vari-
ous mouse cells (Kalai et al., 2003; Fujita et al., unpublished
observation). In C2C12 cells, mouse myoblasts, the level of
caspase-12 is high and mainly activated by ER stress. In con-
trast, in P19 embryonal carcinoma (P19 EC) cells, the level
of caspase-12 is very low and ER stress induces ¢cytochrome
c/caspase-9 activation, without involving caspase-12 (Jimbo
et al., 2003). Caspase-12 may not be a predominant apop-
totic pathway activated by ER stress in some types of cells.
The predominant apoptotic pathway may differ among cell
type and differentiation stage.

Caspase-8 deficiency inhibits the cytochrome ¢ release
and Bid processing induced by ER stress (Jimbo etal., 2003).
Thus, in parallel with caspase-12 activation and ASK/INK
activation, ER stress independently triggers caspase-8 ac-
tivation, resulting in cytochrome c/caspase-9 activation
via Bid processing (Fig. 1). In addition to ASK/INK, the
processed Bid (tBid) plays a role in the ER-mitochondria
crosstalk during ER stress-mediated cell death.

Another molecule mediating ER-mitochondria crosstalk
is the caspase-8 cleavage fragment of BAP31, an integral
membrane protein of ER {Annaert et al., 1997). BAP31
is one of a limited number of substrates for caspase-8. A
caspase-resistant BAP31 mutant inhibited several features of
Fas-induced apoptosis, including the release of cytochrome
¢ from mitochondria (Nguyen et al., 2000). BAP31 interacts
with a unique isoform of caspase-8 (Breckenridge et al,
2002). ER stress may induce the BAP31 and caspase-8
complex and activate caspase-8. A p20 caspase cleavage

fragment of BAP31 causes the early release of Ca2t from
the ER, the concomitant uptake of Ca?t into mitochon-
dria, and the mitochondrial recruitment of Drpl. Drpl is
a dynamin-related protein that mediates the scission of
the outer mitochondrial membrane, resulting in dramatic
fragmentation and fission of the mitochondrial network
{Breckenridge et al., 2003). Caspase-8 cleavape of BAP31
at the ER may also stimulate Ca’*-dependent mitochon-
drial fission, enhancing the release of cytochrome ¢ from
the mitochondria. Cytochrome c-dependent apoptotic path-
way activated by ER-mitochondria crosstalk seems to play
an essential role in the ER stress-mediated cell death,

7. In conclusion

Excess ER stress induces the activation of various apop-
totic pathways, and the predominant apoptotic pathway may
differ among cell types. The ER stress-mediated apoptotic
pathways have been discussed as follows:

1. ASK/INK is activated, resulting in cytochrome c-mediated
cell death.

2. Caspase-8 is also activated by its interaction with BAP31,
resulting in cytochrome c-mediated cell death.

3. Caspase-12 is activated via processing by calpain or
caspase-7, resulting in cytochrome c-independent cell
death.
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mRNA transport and local translation in the neuronal
dendrite is implicated in the induction of synaptic plas-
ticity. Recently, we cloned an RNA-interacting protein,
SYNCRIP (heterogeneous nuclear ribonuclear protein
QL/NSAP1)}, that is suggested to be important for the sta-
bilization of mRNA. We report here that SYNCRIP is a
component of mRNA granules in rat hippocampal neu-
rons. SYNCRIP was mainly found at cell bodies, but punc-
tate expression patterns in the proximal dendrite were
also seen. Time-lapse analysis in living neurons revealed
that the granules labeled with fluorescent protein-tagged
SYNCRIP were transported bi-directionally within the
dendrite at ~0.05 pm/s. Treatment of neurons with no-
codazole significanily inhibited the movement of green
fluorescent protein-SYNCRIP-positive granules, indicat-
ing that the transport of SYNCRIP-containing granules is
dependent on microtubules, The distribution of SYN-
CRIP-containing granules overlapped with that of den-
dritic RNAs and elongation factor 1. SYNCRIP was also
found to be co-transported with green fluorescent pro-
tein-tagged human staufenl and the 3’-untranslated re-
gion of inositol 1,4,5-trisphosphate receptor type 1 mRNA.
These results suggest that SYNCRIP is transported within
the dendrite as a component of mENA granules and raise
the possibility that mRNA turnover in mRNA granules
and the regulation of local protein synthesis in neuronal
dendrites may involve SYNCRIP.

Protein synthesis in neurons was long believed to occur only
in the cell body, but recent evidence showing the presence of
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mBNA (for review, see Refs. 1-4) and the capacity for local
translation of specific mRNAs in neuronal dendrites (Refs. 5
and 6; for review, see Refs. 7 and 8) has changed. this belief.
Selective transport and localization of certain typaes of mRNA
and subsequent local protein synthesis in neurconal dendrites
are now considered as part of the fundamental mechanisms
involved in synaptic plasticity.

Various kinds of mRNA, such as mRNA-coding cytoskeletal
proteins (MAFP2, g-actin, Arc (activity-regulated cytoskeleton-
associated protein), and neurofilament proteins), kinases (e.g.
the a subunit of Ca?*/CaM? kinase I (CaMKIl«)), receptors
and channels (glycine receptors, glutamate receptors, and ino-
sitol 1,4,5-trisphosphate receptor type 1 (IP;R1) have been
reported to target dendrites of central nervous system neurons
(for review, see Refs.4, 8). Many of the mRNAs listed above are
transported to the dendrites as a component of ritonucleopro-
tein complexes called mRNA granules, which were detected
with fluorescent dye SYTO14 (9) and by the in situ hybridiza-
tion technique (10, 11). mRNA granules contain ritosomes and
other components of translational machinery (9, 12, 13) as well
as various mRNA-binding proteins, including fragile X mental
retardation protein (14), staufen (15), testis-brain RNA-binding
protein {16}, zip code-binding protein 1 (17}, and heterogeneous
nuclear ribonuclear protein (hnRNP) A2 (18). These
mRNA-binding proteins are thought to be responsible for the
stability and the translational regulation of mRNAs; however,
their actual function in dendrites is poorly understood.

We recently discovered a novel RNA-interacting protein,
SYNCRIP (synaptotagmin binding, cytoplasmic RNA-interact-
ing protein (19)) in mouse. A human homolog of SYNCRIP was
termed as NSAP1 (20) or hnRNP Q1 (21). SYNCRIP is one of
three alternative splicing variants (21) and has high homology
to hnRNP R. Interestingly, in contrast to hnRNP R and other
splicing variants of SYNCRIP (hnRNP Q2 and Q3), SYNCRIP
is distributed throughout the cytosol instead of being localized
in the nucleus (19). SYNCRIP binds to RNA in vitro, preferen-

! The abbreviations used are: CaM, calmodulin; CaMKlI«, a subunit
of Ca®*/CaM kinase II; IP;R1, incsitel 1,4,5-trisphosphate receptor type
1; hnRNP, heterogeneous nuclear ribonuclear protein; SYNCRIP, syn-
aptotagmin binding cytoplasmic RNA-interacting protein; PBS, phos-
phate-buffered saline; GFP, green fluorescent protein; inRFP, mone-
meric red fluorescent protein; NLS, nuclear localization signal; 3-UTR,
3’-untranslated region; MS2bs, MS2 phage coat protein binding se-

Tel.: 81-3-5449-5320; Fax: B81-3-5449-5420; E-mail: tinoue®ims. quences; EFla, elongation factorla; EtBr, ethidium bromide; CCD,
u-tokye.acjp. charge-coupled device; A2RE, hnRNP A2 response element,
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tially te poly (A) or poly (U), in a phosphorylation-dependent
manner {19, 22, 23). Although SYNCRIP is reported to be a
component of protein complexes that stabilize ¢-fos proto-oneo-
gene mRNA in mammalian culture cells (24), the physiological
role of SYNCRIPin the cytoplasm is not yet understood. In this
study we performed a proteomic analysis of the protein com-
plexes that associate with SYNCRIP in human kidney cell line
293EBNA and found that SYNCRIP preferentially associated
with ribosomal proteins and RNA-binding proteins. We also
found that SYNCRIP is a component of mRNA granules con-
taining IP;R1 mRNA transported within the dendrites in a
microtubule-dependent manner.

EXPERIMENTAL PRCCEDURES

Proteomic Analysis—Proteomiecs analysis of the proteins that associ-
ate with SYNCRIP was performed as previously described (25-27). In
brief, human 293EBNA cells were harvested, washed with phosphate-
buffered saline (PBS), and lysed at 24 h after the transfection of cDNA
coding FLAG-tagged SYNCRIP. Then the resulting cell lysate was
incubated with M2-agarose overnight at 4 °C for immunoprecipitation.
The protein-bound agarose beads were washed extensively, and the
proteins were eluted with FLAG peptide. The isolated complex was
precipitated using mixed methano! and chloroform. After vacuum-dry-
ing, the precipitate was digested with Achromobacter protease I, The
digested peptide mixture were analyzed using a Direct nano flow LC-
MSM system as described (26), and protein identification was per-
formed sccording to the criteria described previously (26).

Construction of Fusion Proteins—FLAG-tagged SYNCRIP was gen-
erated by subcloning PCR-amplified DNA fragment coding mouse SYN-
CRIP (19) fused with FLAG tag to its N terminus into pcDNA3 (Invitro-
gen), To construct a green fluorescent protein (GFP-tagged SYNCRIP,
the coding sequence of mouse SYNCRIP was subcloned into the Pstlf
Kpnl site of pEGFP-C3 (Clontech, Palo Alto, CA), Monomeric red fluo-
rescent protein (mRFP)-tagged SYNCRIP (mRFP-SYNCRIP) was gen-
erated by fusing a mRFP, a gift from Dr. R. Tsien (28), to the N
terminus of SYNCRIP with the amino acids Glu-Phe as a linker, which
was then subcloned into pcDNA3 1Zeo | (Invitrogen). To construct
GFP-fused human staufenl (GFP-hStaul), the coding region of hStaul
was amplified from HEP22160 (a gift from Dr. S. Sugano) and sub-
cloned into the Xhol/HindlIl site of pEGFP-C1 (Clontech).

NLS-MS2-Venus was generated from pGA14-MS2-GFP (a gift from
Dr. R Singer (293} and pCS2-Venus {a gift from Dr. A. Miyawaki). A
coding sequence of “Venus” (a variant of yellow flusrescent protein (30)}
was PCR-amplified with 5'-GTGCGGCCGCTGGTATGAGCAAGGGC.
GAGG-3'and 6'-CTTGAATTCTTACTTGTACAG-3' using pCS2-Venus
as a templata. The Notl-EcoRI digest of the resultant ¢cDNA fragment
and the BamHI-Notl digest of pG14-MS2-GFP that corresponded to the
coding sequence of MS2 coat protein and nucdear localization signal
{NLS)were then introduced into the BamHL/EcoRI site of a mammalian
expression vector pCS2+.

To construct the RNA expression vector of the 3'-untranslated re-
gions (3-UTR) of IP,R1 (IP,R1 3'-UTR-M52bs), we amplified a cDNA
fragment of 3'-UTR of mouse IP,R1 (tbases 8579-9041) by PCR using
primers 5"-GGCTCGAGGCAAATGAGGCAGAGGGAC-3', and 5'-GCG-
GGCCCAACCATTTATTACACGAGTATCAAC-3', The resulting PCR
fragment was subcloned into the Xhol/Apal site of pcDNA3. LZeo +,
upstream of which 12 copies of MS2 phage coat protein binding se-
quences (MS32bs) and the coding sequence of alkaline phosphatase were
inserted, and the bovine growth hormone polyadenylation signal down-
stream to the multicloning site was removed.

Cell Culture and Transfection—Primary cultures of neurons were
prepared from hippocampi of l-day-old Wistar rats by a standard
methed as described previously (31, 32) and plated on poly-L-lysine
{Nacalai Tesque, Kycto, Japan)-coated coverslips at a density of 4.6 x
10%-1.3 X 10° cells/cm? Cells were cultured in Neurcbasal medium
{Invitrogen) supplemented with 2.5 mM L-glutamine (Nacalai Tesque),
2.5% (v/v) B-27 (Invitrogen), and antibiotics {250 units/m! penicillin and
250 pg/ml streptomycin), The cultures were transfected with 10 ug of
DNAs by a standard calcium phosphate method (33) or 2.5 pg of DNAs
by lipofection using Lipofectamine 2000 {Invitrogen) (34) on days 5-6 in
vitro. For the labeling of 3°-UTR of IP,R1 mRNA, 0.6 g of NLS-MS2-
Venus and 1.8 pg of IP;RI 3'-UTR-MS2bs were co-transfected by lipo-
fection. The transfected cells were used for immunohistochemistry or
imaging experiments 2-3 days after the transfection, which corre-
sponded to days 7-9 in vitro.

Antibodies—The rabbit antibody recognizing the N-terminal region

Dendritic Transport of SYNCRIP with mRNA

of SYNCRIP, anti-SYNCRIP-N antibody, was obtained as described
previously (19}, Anti-SYNCRIP-N was used after affinity purification,
and the specificity of this antibody has been confirmed by parallel
experiments using preimmune serum or anti.-SYNCRIP-N antibody
preincubated with an excess amount of antigenic pelypeptide (19).
Anti-elongation factorla {EFla) antibody was from Upstate Biotech-
nology (Charlottesville, VA, clone CBP-KK1). Alexa 488- or Alexa 594-
conjugated secondary antibody was from Molecular Probes
(Eugene, OR).

Immunohistochemistry, Cell Labeling Experiments, and Confocal Im-
aging—For immunochistochemistry of native hippocampus, Wistar rats
were deeply anesthetized on postnatal day 7 and perfused with 4%
paraformaldehyde in PBS. Whole brains were removed and post-fixed
in the same fixative overnight at 4 °C, Sagittal sections (thickness, 100
pm) were cut with a Vibratome-type micro slicer {DTK-1500; Dosaka
EM, Kyoto, Japan), collected in PBS, and permeabilized with 0.3%
Triton X-100. After incubating with blocking solution (1% bovine serum
albumin and 0.3% Triton X-100 in PBS) sections were incubated with
anti-SYNCRIP-N antibody (1:1000 dilution) in blocking solution over-
night at 4 °C and subsequently with Alexa 488-conjugated anti rabbit
IgG (Molecular Probes) for 3 h at room temperature. Finally, sections
were mounted on slides with Vectashield (Vector Laboratories,
Burlingame, CA) and observed under a confocal-scanning microscope
{FV-300; Olympus, Tokyo, Japan) attached to an inverted microscope
{IX70; Olympus) with a X10 objective (NA 0.30; Olympus) and a X40
objective (NA 0.85; Olympus).

For immunostaining of cultured neurons, cells were fixed with 4%
formaldehyde in PBS for 10 min. After permeabilization with 0.1%
Triton X-100 in PBS for 10 min and blocking with 5% skim milk in PBS,
the cells were incubated with the primary antibodies at 1:1000 dilution
for anti-SYNCRIP-N antibody and at 1:400 dilution for anti-EFla an-
tibody. Alexa 488- or Alexa 5%4-conjugated IgGs (Molecular Probes)
were used as secondary antibodies. RNA labeling with ethidium bro-
mide (EtBr) was performed as described previously (35). RNage treat-
ment was conducted by incubating neurons with 20 pg/inl RNase A
(Nippongene, Tokyo, Japan) for 15 min after the EtBr staining. For
labeling hippocampal neurons with endosomal and lysosomal markers,
cella were incubated with 1 mg/ml Texas Red-dextran (M, 3000; Molec-
ular Probes) overnight. Fluorescence images of cultured neurons were
taken under a confocal-scanning microscope (FV-300) using a 60X
objective (NA L4; Olympus).

All of the images taken by the confocal microscope were digitally
smoothed to reduce the noise level. The smoothing filter was imple-
mented using 3 X 3 spatial convolutions, where the value of each
pixel in the selection was replaced with the weighted average of its
3 X 3 neighborhood. Center pixels are 4-fold weighted over surround-
ing pixels.

Time-lapse Imaging ard Data Analysis—The culture medium was
supplemented with 20 mM HEPES (pH 7.3) for the time-lapse imaging
experiments. The temperature was maintained at ~37 °C by a heating
chamber that surrounded the microscope stage. For single color time-
lapse imaging, the cells were visualized under an inverted microscope
(IX70, Olympus) and a 60X objective (NA 1.45, Olympus) using stand-
ard filter sets and a mercury lamp. Sequential images were acquired
with a cooled charge-coupled device (CCD) camera (ORCA-ER;
Hamamatsu Photonics, Hamamatsu, Japan) with a 58- or 117-ms ex-
posure time every 10 s, For multicolor time-lapse imaging, neurons
were visualized under an inverted micrescope (IX81; Olympus)
equipped with a motorized fluorescence mirror unit exchanger, stand-
ard filter sets, and a 60x objective (NA 1.4; Olympus). Images were
taken with a cooled CCD camera (ORCA-ER) with a 200-mas exposure
time every 10 s.

Data were analyzed using TI Workbench, which is a custom-made
software written by T. Inoue. Positions of fluorescent vesicles were
plotted againat time, and velocity of the granular movements was
obtained by linear fitting of the slope. Only structures moving in more
than three image frames were taken into account. The velocities were
calculated for each period of consecutive movement. Images of time-
lapse (Figs. 34, 6B, and 7C) presented in this study were subjected to
digital smoothing with the same algorithm as the confocal images (see
above) to reduce the noise level.

Drug Preparation and Drug Treatment—Stock solutions of nocoda-
zole (10 mg/ml, Sigma) and Iatrunculin A (1 mg/ml, Molecular Probes)
were prepared in dimethyl sulfoxide (Me,SQ) and stored at -20°C,
Neurons were incubated with nocodazole (30 ug/ml) and latrunculin A
(1 pg/ml) for 1 h at 37 °C in 5% CO,, To confirm that the cytoskeleton
wag disrupted, fixed cells were stained with anti-tubulin antibody (Lab
Vision, CA} or Alexa 5%4-phalleidin (Molecular Probes). We found no
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RNA binding proteins 23.4%
— Other RNA binding
proteins

Fic. 1. Classification of the 111 pro-
teins identified as components of the
SYNCRIP-associated protein com-
plexes in 293EBNA cells, Detailed com-
positions of each class are shown in sup-
plemental Table SI.

changes in the microtubules or actin structure from control cells ex-
posed to 0.1-0.3% Me, SO (data not shown).

RESULTS

Proteomic Analysis of SYNCRIP-associated Proteins—Pro-
teins associated with SYNCRIP were isolated by immunopre-
cipitation from human 293EBNA cells expressing FLAG-
tagged SYNCRIP by using anti-FLAG antibody. The 111
proteins listed in supplemental Table SI were identified as
components of protein complexes containing FLAG-tagged
SYNCRIP. Among these 111 proteins, 44 were identified as
ribosemal proteins (38.6%) and 26 were mitochondrial riboso-
mal proteins (23.4%), which are encoded by nuclear genes and
synthesized in the cytosol (36) (Fig. 1 and supplemental Table
SI). In addition, 26 RNA-binding proteins (23.4%) including 8
hnRNPs (7.2%), 4 DEAD bex helicases (3.6%), and 4 splicing
factors (3.6%) were also identified as SYNCRIP-associated pro-
teins. These results suggest that SYNCRIP preferentially as-
sociates with protein complexes involved in mRNA processing
and translation.

The Distribution and Dynamics of SYNCRIP in Hippocam-
pal Neurens—mRNA granules, the ribonucleoprotein com-
plexes present in neuronal dendrites, have been reported to
contain ribosomes and other components of translation ma-
chinery (9, 12, 13) as well as a number of RNA-binding proteins
(14-18). The above results of proteomic analysis in 293EBNA
cells indicate that SYNCRIP preferentially associates with the
major component of mRNA granules, that is, ribosomal pro-
teins and RNA-binding proteins (Fig. 1, supplemental Table
SI). In addition, SYNCRIP itself has the ability to bind to RNA,
preferentially to poly(A} and poly(U) sequences in vitro (19, 22,
23). These findings led us to hypothesize that SYNCRIP is a
compoenent of the mRNA granules in neuronal dendrites.

To test this hypothesis, we investigated the expression pat-
tern and dynamics of SYNCRIP in the dendrites of rat hip-
pocampal neurons. Expression of SYNCRIP within the hip-
pocampus of rats was investigated by immunohistochemistry
using anti-SYCNRIP-N antibodies. SYNCRIP was expressed in
the pyramidal cell layer and granular cell layer (Fig. 24), and
SYNCRIP signals were mainly observed in the cell bodies of
hippocampal neurons (Fig. 2B). In addition, the proximal den-
drites of pyramidal cells were also labeled with the SYNCRIP
antibody (Fig. 2B, arrowheads). To investigate the localization
and dynamics of SYNCRIP in detail, we transfected cultured
rat hippocampal neurons with plasmid DNAs encoding moeuse
SYNCRIP (19) tagged with GFP (GFP-SYNCRIP). To confirm
that GFP-SYNCRIP reflects the localization of endogenous
SYNCRIP in cultured hippecampal neurons, we compared the
immunocytochemical patterns of endogenous SYNCRIP and
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Fi;. 2. Distribution pattern of endogenous SYNCRIP in rat
hippocampus. A, left, immunohistochemistry with anti-SYNCRIP-N
antibody, Right, control experiment using nonspecific rabbit IgG.
Strong signals for endogenous SYNCRIP were found in the pyramidal
and granular layers. Scale bor, 500 pm. B, a high magniication image
of the boxed region in A. As well as the cell bodies, proximal dendrites
of pyramidal neurons were also labeled by anti-SYNCRIP-N antibody
(armowheads), Images were taken with a confocal microscope. Scale bar,
100 pm.

the distribution of GFP-SYNCRIP signals. Endogencus SYN-
CRIP was distributed in the dendrites as well a3 in the cell
body of cultured hippocampal neurons (Fig. 3A, leff) as was
observed in native tissue. SYNCRIP was found in granules of
various sizes in the dendrites (Fig. 34, right, crrowheads).
GFP-SYNCRIP also exhibited a distribution pattern very sim-
ilar to that of endogenous SYNCRIP (Fig. 3B), inclicating that
the expression pattern of GFP-SYNCRIP reliably reflects that
of endogenous SYNCRIP in cultured neurons.

Time-lapse microscopy with a CCD camera revealed that
some of the granules labeled with GFP-SYNCEIP traveled
within the dendrites (Fig. 44 and supplemental Movie 1).
Granules labeled with GFP-SYNCRIP moved along the den-
drite in both anterograde (to the periphery) and retrograde (to
the soma) directions, and a change in direction of movement
was observed in some granules (Fig. 4B). Double labeling of
GFP-SYNCRIP with Texas Red-dextran, which is a marker for
endosomes and lysosomes, indicated that the mobile GFP-SYN-
CRIP-positive granules were not part of the endoszome-lysoso-
mal system because GFP-SYNCRIP did not overlap with the
Texas Red-dextran signal in either the cell bodies or the den-
drites (data not shown). The velocity profile of the GFP-SYN-



