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Abstract

Focal brain ischemia leads to a slow type of neuronal death in the penumbra that starts several
hours after ischemia and continues to mature for days. During this maturation period, blood flow,
cellular ATP and ionic homeostasis are gradually recovered in the penumbral region. In striking
contrast, protein synthesis is irreversibly inhibited. This study used a rat focal brain ischemia
model to investigate whether or not irreversible translational inhibition is due to abnormal
aggregation of translational complex components, i.e. the ribosomes and their associated nascent
polypeptides, protein synthesis initiation factors and co-translational chaperones. Under electron
microscopy, most rosette-shaped polyribosomes were relatively evenly distributed in the
cytoplasm of sham-operated control neurons, but clumped into large abnormal aggregates in
penumbral neurons subjected to 2 h of focal ischemia followed by 4 h of reperfusion. The
abnormal ribosomal protein aggregation lasted until the onset of delayed neuronal death at 24-48
h of reperfusion after ischemia. Biochemical study further suggested that translational complex
components, including small ribosomal subunit protein 6 (S6), large subunit protein 28 (L28),
eukaryotic initiation factors 2a,, 4E and 3g, and co-translational chaperone heat-shock cognate
protein 70 (HSC70) and co-chaperone Hdj1, were all irreversibly clumped into large abnormal
protein aggregates after ischemia. Translational complex components were also highly
ubiquitinated. This study clearly demonstrates that focal ischemia leads to irreversible aggregation
of protein synthesis machinery that contributes to neuronal death after focal brain ischemia.
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Although substantial progress has been made, cellular and molecular mechanisms
underlying focal ischemic neuronal damage are still incompletely understood. Focal brain
ischemia leads to acute cell death in the core area and a slow type of neuronal death in the
penumbra that can begin hours after ischemia and continue to mature for days (Siesjo et al.
1995; Lee et al. 2002; Wang et al. 2004). During this maturation period, protein synthesis is
persistently inhibited in these penumbral neurons destined to die (Mies et al. 1991,
Hossmann 1993; Kokubo et al. 2003). Activation of PKR-like ER elF-2a kinase (PERK)
may be responsible, at least in part, for the increase in eukaryotic initiation factor 2a (elF2a.)
phosphorylation and for the transient suppression of protein synthesis early in reperfusion
after transient brain ischemia. However, the nature of the transient change in
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phosphorylation of PERK and elF2a may suggest that elF2a phosphorylation cannot
account for irreversible inhibition of protein synthesis after brain ischemia (Hu and Wieloch
1993; Burda et al. 1994; Althausen et al. 2001; DeGracia 2004; Owen et al. 2005).

Cellular proteins in non-native states, i.e. those newly synthesized, misfolded, denatured or
damaged, expose sticky hydrophobic surfaces and are highly toxic in cells (Bukau et a/.
1996; Eggers ef al. 1997; Fink 1999; Hardesty et al. 1999; Taylor et al. 2002). To avoid
cellular proteotoxicity, proteins in non-native states are normally protected and processed by
cellular protein quality control systems (Hartl and Hayer-Hartl 2002). Molecular chaperones
can shield hydrophobic surfaces of unfolded proteins, thus preventing their misfolding and
aggregation. Irreparably damaged proteins must be quickly degraded by the ubiquitin-
proteasome system (Hu et al. 2004). Large protein aggregates and damaged subcellular
structures may also be eliminated by the machinery of autophagy (Shintani and Klionsky
2004).

Newly synthesized proteins are the major sources of unfolded proteins in normal cells (Hartl
and Hayer-Hartl 2002). Numerous nascent polypeptides normally emerge from their parent
polyribosomes at any given moment. Without chaperone protection, partially or newly
synthesized polypeptide chains on polyribosomes expose hydrophobic segments; they are
highly prone to intramolecular misfolding and intermolecular aggregation driven by the
exposed hydrophobic force in the extremely crowded intracellular milieu (Hartl and Hayer-
Hartl 2002). Therefore, protein folding during mRNA translation, i.e. co-translational
folding, generally requires co-operative interaction among nascent polypeptides, assistant
chaperone protein heat-shock cognate protein 70 (HSC70), its co-chaperone Hdjl [a
member of the heat-shock protein 40 (HSP40) family] and a cellular ATP supply (Frydman
2001; Hartl and Hayer-Hartl 2002). If nascent chains cannot be folded successfully, they
must be quickly tagged by ubiquitin and degraded by proteasomes (Murata et a/. 2003).

We previously reported abnormal protein aggregation in ischemic penumbral neurons after
focal brain ischemia (Hu et al. 2001). However, the molecular composition of protein
aggregates was unknown. In this study, we analyzed the molecular composition of protein
aggregates and clearly demonstrated that translational complex components are major
elements of protein aggregates after focal brain ischemia. Irreparable damage of protein
synthesis machinery by abnormal aggregation of translational complex components leads to
irreversible malfunction of protein synthesis, thus contributing to neuronal death after focal
brain ischemia.

Materials and methods

Focal brain ischemia model

Male Wistar rats (Charles River, Wilmington, MA, USA) weighing 260-310 g were fasted
overnight with free access to water. All experimental procedures were approved by the
Animal Care and Use Committee, the University of Miami School of Medicine, and were
performed in compliance with the National Institutes of Health guidelines on the ethical use
of animals. All efforts were made to minimize animal suffering and to reduce the number of
animal used. Anesthesia was induced by inhalation of 3% halothane in N,O : O, (70% :
30%) and was maintained at 0.7-1.5% during the surgical procedures. The tail artery was
cannulated to monitor blood gases, pH, blood glucose and blood pressure. Heparin (0.1 mL,
300 U/mL) was administered through the tail artery to avoid formation of thrombosis distal
to the occluding filament. A surgical incision was made to expose the right common carotid
artery (CCA), internal carotid artery (ICA) and external carotid artery (ECA). The ECA was
ligated proximal to the origin of any branches, such as the occipital artery. The proximal
CCA was then ligated and temporarily closed proximal to the carotid bifurcation by a
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microvascular clip. A small incision was made in the CCA. The occlusion filament was
inserted into the ICA through the CCA 19-21 mm distal from the bifurcation to produce the
middle cerebral artery occlusion (MCAO). The filament was prepared from monofilament
fishing line and covered with a distal cylinder of silicon rubber (diameter 0.31-0.32 mm).
After the MCAO had been performed, the animals were extubated and allowed to resume
spontaneous breathing. Two hours after induction of ischemia, the filament was withdrawn
while the animals were breathing halothane in N,O : O, via a face mask. During the
operation, the temperature was maintained at 37 + 0.5°C by a heating pad.

Three series of 2 h MCAO animals were prepared for biochemical analysis, electron
microscopy (EM) and confocal microscopy. They were re-anesthetized at 1, 4 or 24 h of
reperfusion (n7= 3 in each experimental group). For biochemical studies, brains were
obtained by freezing them /n situ with liquid nitrogen while the animals were artificially
ventilated (Pontén et al. 1973). The penumbral tissue samples (about 50 mg) were dissected
at—12°C in a cold room, according to the procedure described previously (Hu ef a/. 2001).
Figure 1 illustrates a coronal brain plane between the striatal and hippocampal levels: region
1 is the striatal ischemic core, region 2 is the neocortical ischemia core, region 3 represents
ischemic penumbra and region 4 is the contralateral neocortical region (for details, see Hu ef
al. 2001). The penumbral tissue samples were collected for biochemical analyses. For EM,
brains were perfusion-fixed with ice-cold 2% paraformaldehyde and 2.5% glutaraldehyde in
0.1 mol/L cacodylate buffer. For laser-scanning confocal microscopy, brains were perfusion-
fixed with ice-cold 4% paraformaldehyde in phosphate-buffered saline (PBS) and processed
for electron and confocal microscopic studies (see below). Sham-operated rats were
subjected to the same surgical procedures but without induction of brain ischemia.

Histopathology

Perfusion-fixed brains were cut at 20 pum coronally with a vibratome at the dorsal striatal
level and stained with celestine blue and acid fuschin. Neuronal histopathology in brain
regions 1-4 (Fig. 1) was examined according to the method of Smith et a/. (1984).

Electron microscopy

Electron microscopy was carried out on brain tissue sections stained with the conventional
osmium-uranyl-lead method, as described previously (Hu et a/. 2001). Briefly, coronal brain
sections were cut at a thickness of 120 um with a vibratome, at the level between the striatal
and dorsal hippocampal planes, and post-fixed for 1 h with 4% glutaraldehyde in 0.1 mol/L
cacodylate buffer (pH 7.4). Brain sections were post-fixed for 2 h in 1% osmium tetroxide in
0.1 mol/L cacodylate buffer, rinsed in distilled water and stained with 1% aqueous uranyl
acetate overnight. Tissue sections were dehydrated in an ascending series of ethanol to
100%, followed by dry acetone, and embedded in Durcopan ACM (Fluka Chemie AG,
Bucks, Switzerland). Small squares from penumbral region 3 were dissected and mounted
on resin blocks. Ultrathin sections (0.1 Im) were prepared and stained for 1 min with 3%
lead citrate prior to examination with a transmission electron microscope (Zeiss 10C; Zeiss,
Oberkochen, Germany).

Confocal microscopy

Confocal microscopy was performed on coronal brain sections (50 pm) from sham-operated
control rats, and on rats subjected to 2 h of MCAO followed by 4 and 24 h of reperfusion.
Brain sections were transferred to a 24-well microtiter plate half filled with 0.01 M citric
acid/sodium citrate buffer (pH 6.0), heated five times for 5 s each time in a microwave oven
set to 30% power, and then washed twice with 0.2% Triton X100 (TX100)/PBS for 10 min.
Non-specific binding sites were blocked with 3% bovine serum albumin (BSA) in PBS/0.2%
TX100 for 30 min. The brain sections were incubated overnight at 4°C with antibodies
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against ubiquitin (Cell Signaling, Beverly, MA, USA), elF3n (SC-16377: Santa Cruz
Biotechnology, Santa Cruz, CA, USA), small ribosomal subunit protein (S6) (2212: Cell
Signaling) and large ribosomal subunit protein (L28) (SC-14151: Santa Cruz
Biotechnology), or HSC70 (SPA-815: Stressgen Biotechnology, Victoria, Canada), all at
dilutions of 1 : 150 in PBS containing 0.1% TX100. The sections were washed three times
for 10 min each in PBS containing 0.1% TX100 at room temperature (23 + 2°C) and
incubated with a fluorescein-labeled secondary antibody (Jackson ImmunoResearch, West
Grove, PA, USA). The sections were washed three times in PBS/0.1% TX100, mounted on
glass slides and coverslipped using Gelvatol. Gelvatol was prepared by mixing 2.4 ¢
polyvinyl alcohol with 6 g glycerol and 12 ml of 0.2 M Tris-base/HCI (pH 8.5), and heating
the mixture to 50°C for 10 min, followed by centrifuge 7000 g for 15 min to remove
undissolved particles, and then mixing DABCO (1.4.-diazabicyclo(2.2.2)octane, Sigma Cat
No. D2522) to 2.5% of the solution. All reagents in Gelvatol were purchased from Sigma
(Sigma-Aldrich Corp, St Louis, MO, USA). The slides were analyzed with a Zeiss 50
confocal microscope.

Sedimentation and immunoblot analyses of translational complex

The dorso-lateral neocortical tissue (about 100 mg) was homogenized with 10 volumes of
ice-cold homogenization buffer (Hu ef a/. 2001). The homogenate was centrifuged at 10 000
gat 4°C for 10 min to obtain a pellet and a supernatant fraction. The pellet containing the
translational complex was suspended with 10 volumes of ice-cold homogenization buffer
containing 1% TX100 detergent and 400 mv KCI salt, sonicated five times for 5 s each,
washed on a shaker overnight at 4°C, then centrifuged at 20 000 g for 10 min to obtain a
TX/salt-insoluble fraction that contained protein aggregates formed after brain ischemia (Hu
et al. 2000, 2001). The detergent/salt-insoluble fractions were suspended in PBS with a
sonicator and layered onto pre-formed 10-55% linear sucrose gradients (made up in a buffer
containing 20 mm Tris-HCI pH 8.0, 140 mm KCI, 5 mm MgCly, 1 mw dithiothreitol) in 13 mL
Beckman (Palo Alto, CA, USA) SW41 centrifuge tubes. Centrifugation was performed at
110 000 g. for 3.5 h with a Beckman SW41Ti rotor. Gradient fractions were collected from
the bottom of the centrifuge tube. Thirty-six fractions, each with a volume of 365 L, were
collected with a fraction collector. Absorbance at an ultraviolet (UV) wavelength of 260 nm
in each fraction was measured with a Beckman spectrometer. Aliquots (50 L) of each
fraction were analyzed by western blotting with 10% sodium dodecy! sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE). Following electrophoresis, proteins were
transferred to an Immobilon-P membrane (Millipore Corp., Billerica, MA, USA). Western
blots were labeled with antibodies against the following translational complex components:
S6 (molecular weight 32 kDa, Cat. no. 2212), elF-2a. (40 kDa, Cat. no. 9722) and elF-4E
(26 kDa, Cat. no. 9742) (all at dilution of 1 : 1000; Cell Signaling Technology); L28 (15.7
kDa, Cat. no. SC-14151) and elF-3n (115 kDa, Cat. no. SC-16377) (all at dilution of 1 :
700; Santa Cruz Biotechnology); HSC70 (73 kDa, Cat. no. SPA-815, 1 : 10 000) and Hdj1
(40 kDa, Cat. no. SPA-400, 1 : 1000 (Stressgen Biotech); and ubiquitinated proteins (> 90
kDa, Cat. no. 3936, 1 : 1000; Cell Signaling Technology). The blots were developed with an
enhanced chemiluminescence (ECL) detection method (Amersham Bioscience, Piscataway,
NJ, USA).

Statistical analysis

Immunoblot bands were scanned into a computer and analyzed with Kodak 1D image
analysis software (Eastman Kodak Company, Rochester, NY, USA). Each immunaoblot band
was calculated as the mean intensity value subtracted from the background value. The
optical densities of immunoblot bands in each translational complex component peak
fractions were quantified using Kodak 1D gel analysis software, and then the optical
densities were added together. Data are expressed as mean + SD. One-way anova followed by
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Fisher’s protected least significant difference (PLSD) post-hoc test was used to assess
statistical significance (p < 0.05).

Results

Histopathology

Neuronal damage in brain regions after focal ischemia was examined on vibratome sections
stained with acid fuchsin and celestin blue. Substantial neuronal death was already present at
1 h of reperfusion in the striatal core region (Fig. 1). Some small infarct foci were found at 1
h of reperfusion in the cortical core region. By 4-24 h of reperfusion, selective neuronal
death was seen in the neocortical penumbral region (Fig. 1, region 3). No neuronal death
was observed in the contralateral hemisphere or in sham-operated controls. All these data
are consistent with our previous study (Hu et a/. 2001).

Ultrastructural evidence of translational complex aggregation after focal brain ischemia

Ultrastructure of penumbral neocortical neurons in the dorsolateral neocortical region from
sham-operated control rats and rats subjected to 2 h of focal ischemia followed by 24 h of
reperfusion is shown in Fig. 2. Brain neurons, particularly pyramidal neurons, have unique
nuclei and dendrites distinguishable from other brain cell types under EM (Hu et a/. 2000;
Liu and Hu 2004; Liu et al. 2005a). Ribosomal rosettes were normally scattered in the
cytoplasm or associated with the rough endoplasmic reticulum (ER) of sham-operated
neocortical neurons (Fig. 2a, arrows). The ER and mitochondria (M) were seen in the
cytoplasm (Fig. 2a). After ischemia, ribosomal rosettes and ER-associated ribosomal studs
were greatly reduced, whereas single ribosomes (Fig. 2b, arrowheads) and large ribosome-
like aggregates (Fig. 2b, arrows) appeared in the cytoplasm. Protein aggregate-containing
penumbral neurons had intact cell membranes and relatively normal nuclear morphology
(Fig. 2b, N), suggesting that ribosomal aggregate-containing neurons were still alive but
would die slowly (Mies ef al. 1991; Hu et a/. 2001). Higher magnification of the neocortical
neuron is shown in Fig. 1(a and b). Ribosomal rosettes and ER-associated ribosomal studs
were normally distributed in sham-operated neurons (Fig. 2c, arrows). After ischemia,
ribosomes were abnormally clumped into large clusters (Fig. 2d, arrows). Some large
ribosomal clusters were also associated with the mitochondrial membranes (Fig. 2d, M).

Biochemical analysis of translational complex aggregation

The above EM studies suggest that ribosomes are aggregated in penumbral neurons after
focal ischemia. To study ribosomal protein aggregation further, we carried out sedimentation
analysis of translational complex components in a sucrose density gradient, in conjunction
with immunoblotting (Figs 3 and 4). When proteins become aggregated, their detergent/salt
solubility decreases dramatically and they cannot be dissolved in a 1% Triton X100 and 400
mw KCI solution (Kabakov and Gabai 1994; Kazantsev et al. 1999; Hazeki et al. 2000;
Stockel and Hartl 2001). We therefore isolated protein aggregate-containing fractions from
rat brains after focal brain ischemia with a buffer solution containing 1% Triton X100 and
400 mu KCI. Dorsolateral neocortical tissues from ischemic hemispheres collected from rats
subjected to either sham-surgery or 2 h MCAO followed by 4 and 24 h of reperfusion, as
described previously (see Hu et al. 2001), were used for this sedimentation analysis. The
detergent/salt-insoluble fractions were resolved on 10-55% sucrose gradients by
centrifugation, and the sedimentation profiles were recorded at the UV wavelength of 260
nm (UV-260) (Figs 3a and 4a). Thirty-six fractions were collected. The major sedimentation
peak in sham-control samples was located between fractions 10 and 14 in the gradient.
However, the major sedimentation peak of post-ischemic samples shifted to higher densities
located between fractions 16 and 21 at 4 h of reperfusion, and shifted further to between
fractions 27 and 33 at 24 h of reperfusion (Figs 3a and 4a).
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All 36 fractions from sham-operated control and postischemic samples were subjected to
SDS-PAGE and analyzed by western blot with antibodies against translational complex
components L28, S6, elF2a., elF3n and elF4E (Fig. 3b). Among these translational complex
components, S6 is a 40S ribosomal protein, L28 is a 60S ribosomal protein, and elF2a.,
elF3n and elF4E are eukaryotic protein synthesis initiation factors. L28, S6 and elF3n were
resolved within the sedimentation peak of sham-operated control samples (Fig. 3b, Sham),
suggesting that the control UV-260 peak contained the detergent/salt-washed ribosomal
protein translational components. Protein translational complex components elF2a and
elF4E were undetectable in the sedimentation peak of sham-operated control samples (Fig.
3b, Sham), indicating that they were washed from the translational complex fractions by the
detergent/salt treatment. Relative to control samples, much larger quantities of all these
translational complex components were deposited into higher density protein aggregate-
containing fractions in post-ischemic samples (Fig. 3). The optical densities of the
immunoblot bands in each fraction peak were quantified and added together using Kodak
1D gel analysis software. Quantitative analysis indicates that the optical density ratio of
western blots of S6 versus L28 in the sedimentation peak was 3.87 + 0.28 (mean + SD) in
sham-operated non-ischemic brains, suggesting that this sedimentation peak contained an
imbalanced stoichiometry of 40S and 60S ribosomal subunits. However, the optical density
ratios of S6 versus L28 were changed to 0.91 £ 0.26 and 0.64 + 0.04 in the sedimentation
peaks of brains subjected to 2 h of focal ischemia followed by 4 and 24 h of reperfusion,
respectively. Relative to those of sham-operated controls, the levels of large ribosomal
protein L28 and elF3r were increased two-to eightfold in the higher density protein
aggregate-containing fractions at 4 and 24 h of reperfusion, whereas the level of small
ribosomal protein S6 was increased in the higher density peaks mainly at 24 h of reperfusion
(Figs 3b, ¢ and d). The protein levels of elF2a and elF4E were also increased significantly
and continuously in the higher density protein aggregate-containing fractions at 4 and 24 h
of reperfusion (Figs 3b and d).

To study further whether or not co-translational chaperones were also aggregated with
translational complex proteins after focal brain ischemia, we utilized the same sucrose
gradient fractions as in Fig. 3 to analyze the nascent polypeptide-associated chaperones
HSC70 and Hdj1 (HSP40), as well as ubiquitin-conjugated proteins (ubiproteins) (Fig. 4).
Similar to ribosomal proteins and protein synthesis initiation factors, the co-translational
chaperones were highly accumulated, mainly in the higher density protein aggregate-
containing fractions at 4 and 24 h of reperfusion (Figs 4b and c). High molecular weight
ubiproteins, which may represent ubiquitin-conjugated unfolded proteins in the translational
complex or unprotected nascent peptides, were also concomitantly increased in the higher
density protein aggregate-containing fractions at 4 and 24 h of reperfusion after focal
ischemia (Figs 4b and c). Quantitative analysis further confirmed that the levels of HSC70,
Hdj1 and ubi-proteins were increased five to 80-fold in the protein aggregate-containing
fractions at 4 and 24 h of reperfusion after ischemia (Fig. 4c).

HSP70 chaperone protein is an inducible member of the HSP70 family. Its protein
expression was not induced until 24 h of reperfusion, and it was highly accumulated in the
higher density protein aggregate-containing fractions after focal brain ischemia (Figs 4b and
d). In contrast, heat-shock interacting protein (HIP) was detected in the gradient peak
fractions from sham-operated controls, but was greatly reduced at 4 h of reperfusion and
disappeared at 24 h of reperfusion from the protein aggregate-containing fractions after focal
ischemia (Figs 4b and d).

Confocal microscopic study of translational complex aggregation

To study the cellular distribution of translational complex aggregation, we performed
confocal microscopy of translational complex components in brain sections from

J Neurochem. Author manuscript; available in PMC 2012 December 10.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Zhang et al.

Page 7

shamoperated control rats and rats subjected to 2 h of MCAO followed by 4 and 24 h of
reperfusion (Fig. 5). Brain sections were immunolabeled with antibodies against
translational complex components elF3n, S6, L28 and HSC70 (HSC), and ubiquitin (Ubi),
and they were examined by confocal microscopy. Ubi-proteins and elF3n immunostainings
were relatively evenly distributed in sham-operated control neurons (Fig. 5), but appeared in
aggregation patterns in the cytoplasm at 4 and 24 h of reperfusion in the cortical neurons
after focal ischemia (Fig 5, 4 and 24h, arrows). At 24 h of reperfusion after ischemia, some
neurons are dead and therefore devoid of ubiquitin immunoreactivity (Fig. 5, 4 and 24 h,
arrowheads; Hu et a/. 2000, 2001). Relative to the sham-operated control, S6, L28 and
HSC70 immunoreactivities were greatly reduced at both 4 and 24 h of reperfusion after
focal ischemia (Fig. 5).

Discussion

Focal ischemia leads to acute cell death within hours during ischemia in the core region, and
delayed neuronal death in hours, days or even months in penumbral neurons after ischemia.
The cell death in the core region is mostly due to cell swelling and membrane rupture to
release cell contents, i.e. necrosis. In contrast, penumbral neurons die in a delayed fashion
(Siesjo et al. 1995). During this delay period, the light microscopic morphology of
penumbral neurons destined to die is virtually normal. Key cell survival factors of cerebral
blood flow, cellular ATP and ionic homeostasis are gradually recovered in penumbral
neurons during reperfusion. In striking contrast, protein synthesis is irreversibly inhibited
only in penumbral neurons destined to die (Mies et al. 1991). Irreversible inhibition of
protein synthesis has long been considered as a hallmark of delayed neuronal death after
focal ischemia, but the underlying mechanism is unknown (Mies ef a/. 1991; Hossmann
1993; Mengesdorf ef a/. 2002). This study demonstrates for the first time that irreversible
inhibition of protein synthesis is probably caused by the irreversible aggregation of
translational machinery after focal brain ischemia. EM study shows that ribosomes are
clumped into large abnormal aggregates in the penumbral neurons after ischemia.
Translational complex components consisting of ribosomal small subunit protein S6, large
subunit protein L28, co-translational chaperone HSC70 and its co-chaperone Hdj1, and
translational initiation factor elF2a., elF3n and elF4E, are all aggregated into higher
densities of a sucrose gradient after focal ischemia. Translational complex components are
also highly ubiquitinated during the post-ischemic phase. Confocal microscopy further
suggests that immunoreactivities of translational complex components are either clustered or
greatly reduced after focal brain ischemia. Aggregation of ubi-proteins is an irreversible
process (Angelidis et al. 1999; Hu et al. 2000, 2001; Ohtsuka and Hata 2000). The results
indicate that translational complex components are irreversibly clumped into large abnormal
protein aggregates, resulting in irreparable damage to protein synthesis machinery after focal
brain ischemia.

The present study has confirmed our original hypothesis that protein aggregation is a major
pathological event contributing to neuronal death after focal brain ischemia (Hu et a/. 2000,
2001; Liu et al. 2005a,b). In this study, we refine our hypothesis to suggest that it is the
aggregation of protein synthesis machinery, in particular, that leads to irreversible inhibition
of protein biosynthesis in neurons destined to die after focal ischemia. Neurons containing
EM-visible ribosomal aggregates have intact cell membranes, relatively normal
mitochondria and nuclei, suggesting that translational complex aggregation takes place in
living neurons (Fig. 2). However, these penumbral neurons are destined to die in a slow
fashion after focal brain ischemia (Mies et al. 1991). Confocal microscopic results
demonstrate that elF3n and ubi-proteins form clustered patterns in morphologically normal
neurons after focal ischemia. Protein ubiquitination is a strictly ATP-dependent process and
takes place only in living neurons (Hu et a/. 2000, 2001). Dead neurons lost their ubiquitin
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immunoreactivity completely (Fig. 5). Ubi-proteins are greatly increased in the protein
aggregate fractions after ischemia (Figs 3 and 4). Protein synthesis machinery is virtually
completely inhibited in penumbral living neurons after focal ischemia (Mies et al. 1991).
Several lines of evidence indicate that the translational complex aggregation occurs in living
neurons after focal ischemia.

The objective of this study was to investigate irreversible protein aggregation of protein
translational machinery in neurons after focal brain ischemia. Fractions that contained
protein translational complex aggregates were isolated from detergent and salt-washed
pellets of initial tissue homogenates, followed by sucrose gradient centrifugation. Therefore,
the sedimentation peak does not represent usual sucrose gradient isolated ribosomal
fractions Rather, it may be composed of a mixture of detergent and salt-washed ribosomal
subcomplex components, i.e. a large portion of 40S and a small portion of either 60S or 80S
ribosomal complexes in sham-operated non-ischemic brains. This assumption is supported
by evidence that the sedimentation peaks of sham-operated control brains appear to contain
an imbalanced stoichiometry of 40S and 60S ribosomal components, i.e. high levels of 40S
ribosomal S6 protein and elF3mn, and a low level of 60S ribosomal L28 protein (Fig. 3). The
optical density ratio of S6 versus L28 was 3.87 £ 0.28 (mean £ SD) in the sedimentation
peaks from sham-operated non-ischemic brains, but changed to 0.91 + 0.26 and 0.64 + 0.04
in the sedimentation peaks from brains subjected to ischemia followed by 4 and 24 h of
reperfusion, respectively. The presence of elF3 in the control sedimentation peaks is likely
because native 40S subunits in the cytoplasm are stably associated with elF3, which
prevents association of 40S with 60S subunits (Freienstein and Blobel 1975; Thompson et
al. 1977; Kolupaeva et al. 2005). elF2 and elF4 were not found in the non-ischemic
sedimentation peak, probably because they were washed from 40S ribosomes by detergent
and salt during sample preparation. After brain ischemia, however, the sedimentation peaks
shifted to higher density fractions, most likely because they are composed of translational
complex protein aggregates, as evidenced by the fact that the post-ischemic sedimentation
peaks contained higher levels of all the protein translational components investigated in this
study, including ribosomal S6 and L28 proteins, protein synthesis initiation factors and co-
translational chaperones. These data strongly suggest that, unlike those of control brain
tissues, detergent and salt are no longer able to dissociate ribosomes or polysomes of
postischemic brain tissues into protein translational complex components, probably because
of irreversible aggregation of protein synthesis machinery after brain ischemia.

The size of EM-visible protein aggregates is in the narrow range of 100-250 nm, as
indicated by the scale bar in Fig. 2 and in several previous publications (Hu et a/. 2000,
2001; Liu and Hu 2004, Liu et al. 2005a). They are about, or less than, 1/10th of the
mitochondria in diameter under EM. Therefore, it is very hard to see individual protein
aggregates by light microscopy, unless these aggregates form membrane-associated clusters.
In comparison with EM-visible protein aggregates, the ubiquitin and elF3 immunostaining
cluster patterns seen in Fig. 5 must exceed 500-1000 nm in order to be viewed by confocal
microscopy. In our previous studies, the ubiquitin-immunostained clusters shown in Fig. 5
were also observed in neurons at early periods of reperfusion after brain ischemia in both
global and focal ischemia models (Hu et a/. 2000, 2001). However, there are several
differences between the immunostained clusters viewed by confocal microscopy and EM-
visible protein aggregates after ischemia: (i) the time course is different, i.e. the
immunostained clusters appear before 1 h of reperfusion, but EM-visible protein aggregates
are not seen until 2—-4 h of reperfusion after ischemia (Hu et a/. 2000, 2001); (ii) the regional
distribution is different, i.e. the immunostained clusters can be seen in both the CAL region
and dentate gyrus (DG) area, whereas EM-visible protein aggregates are observed only in
the CAL1 neurons after ischemia. The CA1 neurons will die in a delayed fashion, whereas
DG neurons will survive after a short period of cerebral ischemia (Hu ef a/. 2000); and (iii)
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the reversibility is different, i.e. EM-visible protein aggregate formation is irreversible and
progressively increases until neuronal death takes place in CA1 neurons, whereas ubiquitin-
immunostained clusters can also be found transiently in DG surviving neurons after a short
period of cerebral ischemia (Hu et a/. 2000, 2001). In all cases, neither ubiquitin-
immunostained clusters nor EM-visible protein aggregates were observed in control brains.
The evidence seems to suggest that the immunostained clusters appear during the early
period of reperfusion and may or may not transform into EM-visible protein aggregates after
brain ischemia.

Protein translational complex aggregation has not been reported after focal brain ischemia.
The following evidence suggests that protein translational complex aggregation after focal
ischemia may damage neurons. (1) During reperfusion after focal brain ischemia, blood flow
and cellular ATP level are soon recovered, but inhibition of overall rate of protein synthesis
persists only in penumbral neurons destined to die after focal brain ischemia (Mies et al.
1991). As shown in this study, irreversible inhibition of protein synthesis is likely caused by
translational complex aggregation after focal ischemia. (2) Measures that induce expression
of molecular chaperones protect neurons from ischemic damage (Sharp et al. 1999; Yenari
et al. 2001). The major function of molecular chaperones is to shield hydrophobic surfaces
of misfolded proteins to prevent protein aggregation-induced toxicity (Giffard ef al. 2004).
Ischemic pre-conditioning preventing neuronal protein aggregation also protects neurons
from ischemic damage (Liu ef a/. 2005b). (3) Measures such as hyperthermia that induce
protein aggregation increase neuronal death (Li ef a/. 1995; Ginsberg and Busto 1998;
Lepock 2003). (4) Protein aggregate-containing neurons will eventually die in most
pathological conditions, the so-called conformational diseases (Gow and Sharma 2003).
Therefore, protein aggregation or proteotoxicity may contribute to neuronal death after focal
ischemia.

In summary, brain ischemia depletes ATP and changes intracellular homeostasis, thus
disabling ATP-dependent protein quality control systems including molecular chaperones
and folding enzymes, and ubiquitin-proteasomal and autophagic degradation during the
post-ischemic phase (Hu et a/. 2000, 2001). The common result of these cellular alterations
can lead to overload of unfolded proteins on protein synthesis machinery in neurons.
Consequently, unfolded proteins and unprocessed nascent polypeptides, ribosomes and their
associated folding chaperones, are stacked and gradually aggregated during the post-
ischemic phase. Protein aggregation is virtually an irreversible process (Hu et al. 2004).
Therefore, abnormal aggregation of protein translational complexes may irreparably damage
protein synthesis machinery and eventually contribute to neuronal death in penumbral
neurons after focal brain ischemia.
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Fig. 1.

Schematic drawing of the four brain regions analyzed in this study. The coronal section was
taken from Bregma 0.48. Regions 1-3 are in the ischemic hemisphere and region 4 is in the
contralateral side.
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Fig. 2.

(a, b) Electron micrographs of neuronal soma in the penumbral regions from a sham-
operated control rat (a) and a rat subjected to 2 h MCAO followed by 24 h of reperfusion
(b). The ER, mitochondria (M), nucleus (N) and ribosomal rosettes (arrows) were normally
distributed in neurons from a sham-operated brain. After ischemia, ribosomal rosettes and
ER-associated ribosomal studs were either dissociated into single ribosomes (b, arrowheads)
or clumped into large aggregates (b, arrows). Scale bar = 0.5 um. (c, d) Higher
magnification of ribosomal aggregation after focal ischemia. Brain sections were from the
same tissues as in Fig. 2 (a,b). Ribosomal rosettes (c, arrows) and ER-associated ribosomal
studs (c, arrowheads) were distributed normally in a sham-operated control neuron. After
ischemia, ribosomes were abnormally clumped into large clusters or aggregates (d, arrows).
Some aggregates were associated with mitochondria (M). Scale bar = 0.1 pm.
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Fig. 3.

(a) Sedimentation, (b) immunoblots and (c, d) optical density analyses of translational
complex components in sucrose density gradient fractions. Rats were subjected either to
sham surgery or 2 h of MCAO followed by 4 and 24 h of reperfusion. The detergent/salt-
insoluble protein aggregate-containing fractions were resolved in 10-55% sucrose gradients
by ultracentrifugation. (a) One major UV-260 nm absorbance peak between density
fractions 11 and 14 from the sham-control sample was resolved in the density gradient
(sham, arrow). This peak shifted to higher density fractions 16-21 at 4 h (4 h, arrow, dashed
line) and fractions 27-33 at 24 h of reperfusion (24 h, arrow, solid line), respectively. (b)
L28 (kDa, immunoblot between 10 and 25 kDa is shown), S6 (between 25 and 45 kDa),
elF2a (30-55 kDa), elF3n (between 75 and 150 kDa) and elF4E (between 15 and 35 kDa)
were shifted into higher densities after ischemia (4 and 24 h). (c, d) Changes in optical
densities of protein bands of L28, S6, elF2a, elF4E and elF3n were evaluated with Kodak
1D image software. The levels of L28 and S6 are presented as folds of controls. The levels
of elFs were undetectable in controls. Therefore, they are presented as optical densities.
Data are expressed as mean + SD (7= 3); *denotes p < 0.05 between control and
experimental conditions, one-way anova followed by Fisher’s PLSD post-hoc test.
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Immunoblot analysis of HSC70, Hdj1, ubi-proteins, HSP70 and HSC/HSP70 interacting
protein (HIP) in the density gradient fractions. The UV-260 profiles in the gradient fractions
were the same as in Fig. 3a. (b) Relative to sham-operated controls, HSC70 (immunoblot
membrane between 55 and 90 kDa is shown), Hdj1 (between 30 and 50 kDa) and ubi-
proteins (ubi-, > 90 kDa) were shifted into higher densities after ischemia (4 and 24 h).
Inducible HSP70 (between 55 and 90 kDa) was absent from the sham-operated control and 4
h of reperfusion but deposited into protein aggregate-containing fractions at 24 h of
reperfusion, whereas HIP (between 45 and 75 kDa) was present in the control and gradually
disappeared from the protein aggregate-containing fractions after focal ischemia. (c, d)
Changes in protein bands of HSC70, Hdj1, Ubi-proteins, HSP70 and HIP from three
different individual rat samples were evaluated with Kodak 1D image software. Data are
expressed as mean = SD (n7= 4); *denotes p < 0.05 between control and experimental
conditions, one-way anova followed by Fisher’s PLSD post hoc test.
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Fig. 5.

Confocal microscopic images of the penumbral region stained with antibodies against
ubiquitin, elF3n, ribosomal S6 protein, ribosomal L28 protein and HSC70, respectively.
Sections are shown from a sham-operated control rat and from rats subjected to 2 h of
MCAO followed by 4 and 24 h of reperfusion. The ubiquitin and elF3n shows aggregation
patterns after ischemia (arrows), whereas S6, L28 and HSC70 immunoreactivities were
decreased during the post-ischemic phase.
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