into issues of post-ischemic TA and stress responses, and (iv)
present a ribonomic model of the relationship between post-
ischemic stress responses and TA, with the intent to stimulate
further work in the area. We aim to illustrate that many
different regulatory layers bear on the relationship between
post-ischemic stress responses and translation, and hence,
outcome.

Post-ischemic translation arrest

Following the initial characterization of post-ischemic TA,
specific ideas have guided this area including: focus on
ribosome biochemistry, the relationship between TA and
stress responses, and the idea that ribosomes are sequestered
in non-productive complexes. Here, we briefly summarize
the main results stemming from each line of inquiry.

Initial investigations of post-ischemic TA resulted in three
core observations (Hossmann 1993): (i) TA occurred
initially in all post-ischemic brain regions, and gradually
recovered (e.g. was reversible) in resistant regions, but
persistent TA correlated exactly with DND of vulnerable
neurons, such as cornu ammonis (CA1) in global ischemia
models, (ii) polysomes disaggregated with the onset of
reperfusion, implicating inhibition of translation initiation,
and (iii) persistent TA prevented translation of stress-
induced transcripts, specifically immediate early genes
(IEGs, also called early response genes) and heat-shock
proteins (HSPs), in vulnerable brain regions (summarized in
Nowak 1990). This latter point provided the initial link
between post-ischemic TA and stress responses. While it
was known that heat shock caused a transient TA and
selective translation of HSPs (Lindquist 1986), the possi-
bility of a causal connection between I/R-induced stress
responses and TA had not been clearly deduced at this point.
Instead, transcriptional and translational changes in post-
ischemic brain were viewed as distinct processes, in which
TA was a downstream barrier to upstream changes in gene
programming.

Ribosome biochemistry

The observation that polysomes disaggregate in reperfused
neurons led to focus on the biochemistry of I/R-induced
changes to translation initiation (detailed reviews are in
DeGracia et al. 2002; DeGracia 2004). This line of study
established that: (i) phosphorylation of the alpha subunit of
elF2 (elF2) [elF2q; phospho-form, elF2a(P); phospho-holo-
form elF2(aP)], which inhibits translation initiation (Clem-
ens 2001), occurred rapidly with reperfusion, but also that
elF2a(P) dephosphorylated in il post-ischemic neurons well
before DND. (ii) elF4G degraded as a function of ischemia
duration. (iii) Alterations were identified in other ribosome
regulators such as phosphorylation changes of elF4E, elF4G,
elF4E-binding proteins, small ribosomal subunit protein 6
(S6) kinase, and eukaryotic elongation factor 2 (DeGracia
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2004). The most recent work in this area has demonstrated
intriguing changes in binding partners with the elF2o
phosphatase PP1 suggesting inhibition of this protein by
chaperones (Garcia-Bonilla et al. 2007).

The consensus has emerged that TA in both vulnerable and
resistant regions is not fully accounted for by elF2a(P)
(Martin de la Vega er al. 2001; Althausen et al. 2001,
DeGracia 2004). Perhaps the most striking demonstration of
this point are recent observations in conditional RNA-
dependent protein kinase-like endoplasmic reticulum (ER)
elF2a kinase (PERK) knockouts lacking PERK in the brain
(Owen et al. 2005). In this study, levels of elF2a(P) in
reperfused knockout mice were only 25% of that in wild type
non-ischemic controls, but brain homogenates from the
PERK knockouts still displayed decreases of 35% and 24%
of in vitro translation and initiation, respectively. These
results clearly point to mechanisms other than elF2(aP)
contributing to post-ischemic TA. However, the roles of
biochemical changes in ribosome regulators to this day
remain uncertain. It is possible that changes in classical
biochemical pathways of translation regulation reflect other,
as yet not fully appreciated, genetic reprogramming pro-
cesses occurring in reperfused neurons, a point to which we
return below.

Translation arrest and stress responses

A number of discoveries indicated that stress responses
actively induce TA (Brostrom and Brostrom 1998; Kaufman
1999). The first application of this viewpoint to studies of
brain I/R was the suggestion that post-ischemic TA was a
marker of ER stress (Paschen 1996). However, while the
post-ischemic heat-shock response (HSR) and IEG transcrip-
tional reprogramming have been repeatedly validated,
subsequent work has failed to convincingly demonstrate
expression of the classic ER stress response, the unfolded
protein response (discussed in detail in DeGracia and Hu
2007 and Roberts er al. 2007). Uncertainty exists about the
degree of translation of downstream unfolded protein
response effectors such as 55 kDa x-box-binding protein 1
and cAMP response element-binding protein homology
protein (Roberts et al. 2007). A lack of significant increases
in ER-stress induced proteins has been attributed to the
persistent TA in vulnerable neurons (Paschen 2003), similar
to the earlier observations of lack of translation of HSPs and
IEG protein products.

Following on the suggestions that elF2o phosphorylation
represented a ‘classical stress response’ (Martin de la Vega
et al. 2001), we developed the notion that post-ischemic TA
was an integral subroutine in the post-ischemic stress
responses (DeGracia and Hu 2007). Here, we divided TA
into initiation, maintenance, and termination phases. Initia-
tion of TA involved ribosome regulation, maintenance of TA
involved mRNA regulation, and termination of TA (e.g.
translation recovery) was coupled to the selective translation

2008 International Society for Neurochemistry, J. Neurochem. (2008) 106, 2288-2301






Translation arrest and ribonomics in post-ischemic brain | 2291

Fig. 1 ‘Particles’ in reperfused neurons. (a)
Co-staining for ribosomal protein S6 and
ubiquitin in CA1. Arrows point to ubi-protein
clusters in 24 h reperfusion sample, and
protein aggregates in 48 h reperfused
sample. (b) Co-staining for TIA-1 and S6 in

CA1 <24hR

CA1-48hR

CA1-10mR

non-ischemic control (NIC) or 10 min rep-

erfused (10 mR) CA1 and CA3 showing the
increase in the number of SGs (yellow
cytoplasmic punctate colocalizations). (c)
Co-staining of polyadenylated mMRNAs
[poly(A)] and the 40S subunit protein S6 in
CA1 of NIC and after 1 and 8 h reperfusion.
Arrows point to mRNA granules, which do
not colocalize with S6. (d) Poly(A) and HUR
co-staining in NIC CA1, and CA1 and CA3

CA1 -NIC

CA1 —-1hR CA1-BhR

after 8 h reperfusion. HuR colocalized to

mRNA granules in CA3 but not CA1
(arrows). Staining and microscopy as
described in Kayali et al. (2005), DeGracia
et al. (2007), and Jamison et al. (2008). For
all panels, pixel scaling in x, y, and zis 0.10,
0.10, and 0.35 um, respectively. All reper-
fused samples were acquired following
10 min 2VO/HT ischemia, and reperfusion
times (R) as designated.

CA1 -NIC

CA3 - BhR

CA1-8hR

Following the coding region and termination codon is a 3¢
UTR that, like the 5¢ UTR, is a variable length non-coding
region that also can contain cis-acting sequences (Hesketh
2004). A well-studied example is the adenine- and uridine-
rich element (ARE), which consists of four classes of
functionally related sequences (Bakheet et al. 2001). ARES
regulate mRNA stability, often conferring rapid degradation
of the mRNA (Barreau et al. 2006). Examples of ARE-
containing mRNAs are IEGs, cytokines, interferons, and
growth factors (Keene and Lager 2005). It has been
estimated that perhaps 5-8% of all human mRNAs contain
ARE sequences (Khabar 2005).

Most eukaryotic mRNAs possess a homopolymeric
poly(A) tail. Through PABP interactions with the elF4G
subunit of elF4F, the poly(A) tail participates in circulariza-
tion of MRNA in polysomes (Wells et al. 1998), enhancing
initiation (reviewed in Mangus et al. 2003). The poly(A) tail
also participates in mRNA regulation. For example, poly(A)
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tail shortening couples translation and degradation (Mangus
et al. 2003).

The 5¢ cap, the poly(A) tail and cis-acting sequences in the
5¢ and 3¢ UTRs, but not necessarily confined therein, can
participate in specific rans interactions with protein-binding
partners or with micro-RNAs. Such binding interactions are
the basis for mRNA participation in macromolecular com-
plexes.

Subcellular structures involved in mRNA regulation

From birth to death, MRNA molecules assumes a variety of
different protein ‘wardrobes’ (Anderson and Kedersha 2006),
generating messenger ribonucleoprotein particles (MRNPs).
The mRNPs can form relatively large foci in cells, often
visible by light microscopy. To date, close to a dozen such
foci have been identified. Figure 2 shows nine of these foci,
portraying their integrated functioning in the flow of mMRNA
(or mRNA flux) from biogenesis to degradation. Clearly, we
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1. Spliceosome

4. Polyribosome

To translation Silencing

7. ELAV/Hu granules:
RNA operons

cannot comprehensively review each of these here, and the
reader is referred to the cited literature for more detailed
information. Here, we present a cell physiologic view in
which all of these structures together constitute the ribonomic
network, or set of structures through which mRNA flux
occurs (Keene 2001, 2007; Keene and Lager 2005). Major
functions of the ribonomic network include mRNA biogen-
esis (e.g. transcription and processing), routing (or transport),
silencing (or storage), translation, and degradation. Each
network structure provides layers of regulation that can affect
cell programming via expression, or lack thereof, of specific
proteins.

Nuclear mRNA handling

mRNA biogenesis, as is well appreciated, results from
nuclear DNA transcription and is the end product of many
possible upstream signaling pathways. Dedicated mRNPs
are involved at each stage of nuclear mRNA handling.
Spliceosomes remove introns and ligate exons of newly
transcribed  mRNA  (Valadkhan 2007). Heterogeneous
nuclear ribonucleoprotein complexes (hnRNPs) contribute
to polyadenylation, capping, and nuclear to cytoplasmic
transport (Carpenter et al. 2006). While general mRNA
transport complexes route mMRNA from the nucleus to the
cytoplasm (Stewart 2007), some mRNAs, notably heat
shock-induced mRNAs (Bond 2006), may export via
specific transport complexes.
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5. Stress granule/ X
M ‘ 8. Exosome
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A
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\ ‘ route mRNAs to other mRNPs

9. Processing bodies

To degradation

Fig. 2 The ribonomic network. Processing
of mRNA transcripts (red lines) occurs at
spliceosomes and at hnRNPs that cap and
add the poly(A) tail. Transport complexes
move mature mRNA through the nuclear
pore complex (NPC) to the cytoplasm. In
polysomes, mRNAs are translated (40S,
yellow; 60S orange circles). Stress granules
. In exo-
somes and P-bodies, mRNAs are
degraded. RNA granules route mRNA and
ribosomes to synapses. In ELAV/Hu gran-
ules, mRNAs are sequestered together into
structural and functional groups of RNA
operons that are coordinately silenced,
translated or degraded.

Polysomes

Polysomes, of course, convert the mRNA genetic informa-
tion to protein. In the context of the ribonomic network,
polysomes are increasingly being viewed as one mRNP
among many that form or un-form on the basis of cell needs
(Anderson and Kedersha 2006). Translation or lack thereof
depends on cell context. Sometimes the silencing of mMRNA
is critical to cell programming, for example, in MRNA
packaging during oogenesis (King et al. 2005) or,
elaborated below, during cell stress.

Regulation of translation can occur at both the ribosomes
and at the mRNA. Ribosomal regulation occurs mainly via
control of initiation, but elongation or termination control
also occur (Mathews e al. 2000). Ribosome regulation
results in quantitative control over protein production rates
(Mathews et al. 2000). Regulation of mMRNA occurs through
regulation of the ribonomic foci, creating a multilayered
system that determines mRNA access to the ribosomal
machinery. Regulation of mMRNA is qualitative in the sense
that access of specific mMRNAs to the ribosomes sets the
phenotype of the cell by determining the proteome.

Stress granules

Stress granules occur in a large variety of metazoan cell
types, elicited by a large variety of stressors. They contain a
variant pre-initiation complex (48S), mRNAs, and a growing
list of proteins involved in mRNA binding, self-assembly,

2008 International Society for Neurochemistry, J. Neurochem. (2008) 106, 2288-2301



and signal transduction (reviewed in Anderson and Kedersha
2008). SGs are in equilibrium with polysomes (Kedersha
et al. 2000), and form rapidly when translation initiation is
inhibited (Kedersha et al. 1999; Dang et al. 2006). SGs are
highly dynamic entities that play a central role in the routing
of mRNA amongst the ribonomic foci, e.g. ‘mRNA triage’
(Kedersha et al. 2005). While SGs were initially identified in
the context of cell stress, it is now thought that the visible
SGs formed following stress represent an extreme case of
particles that are constitutive to unstressed cells, and function
to mediate mMRNA flux (Anderson and Kedersha 2008).

ELAV/Hu granules

Major changes in cell physiology such as differentiation or
cell stress can elicit the formation of another mRNA-
containing structure, the embryonic lethal abnormal vision
(ELAV)/Hu granules (Antic and Keene 1998). Hu proteins,
the mammalian homologs of Drosophila ELAV, are impor-
tant components of these structures. Mammalian homolog of
ELAV (HuR; also called HuA) is ubiquitously expressed
whereas HuB, HUC, and HuD are neuron specific (Burry and
Smith 2006). Hu proteins bind and stabilize ARE-containing
mRNAs (Brennan and Steitz 2001).

Via participation in ELAV/Hu granules, Hu proteins play a
role in partitioning functionally or structurally related classes
of mRNA into a cohort, providing for their coordinated
handling (Keene 2007). Analogous to the combinatorial
model of transcription factors, specific combinations of
mRNA-binding proteins are thought to partition functional
and/or structurally related mRNAs (Keene and Lager 2005;
Keene 2007). Partitioning of mMRNA cohorts has been termed
an ‘RNA operon,” by analogy to prokaryotic operons that
allow for simultaneous expression of a functionally related
set of proteins (Keene and Lager 2005; Keene 2007). The
composition of ELAV/Hu granules has been less well-
characterized compared with SGs, but they contain elF4G,
elFAE, PABP, and Hu proteins as well as mRNA (Tenen-
baum et al. 2002).

Figure 2 depicts ELAV/Hu granules downstream from the
routing function of SGs. SGs may serve to route mMRNAs into
functionally distinct ELAV/Hu granules, each containing a
different RNA operon. The ELAV/Hu granules serve to
coordinate the activity of mRNA cohorts, in terms of
targeting them for simultaneous translation, silencing, or
degradation (Fig. 2). By this means, control of different
mRNA cohorts contributes to the execution of complex cell
physiologic programs such as stress responses, differentia-
tion, or cell cycle regulation. RNA operons offer a speed and
flexibility in genetic reprogramming that cannot be achieved
at the level of transcriptional regulation (Keene 2007).

Processing bodies and exosomes
Both of these foci play roles in mMRNA degradation. Neither
structure contains ribosomal subunits, but may contain
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initiation factors (Anderson and Kedersha 2006). Processing
bodies (P-bodies) contain 53¢ exonucleolytic activity and
some of the RNA silencing machinery (Stoecklin and
Anderson 2007). P-bodies can serve both as sites of mMRNA
silencing or decay (Brengues et al. 2005; Teixeira and Parker
2007). The exosome contains the 3(-5¢ exonuclease machin-
ery that degrades uncapped and deadeneylated mRNAs
(Schwartz and Parker 2000). Degradation of mRNA as a
means of translation regulation is well documented (Laroia
et al. 1999). Examples include IEGs c-fos and c-myc
(Barreau et al. 2006) or the Asp70 mRNA (Lindquist
1986), which are destabilized by cis-acting elements in their
3t UTRs that link translation to degradation (Grosset et al.
2000) and provide the basis for the regulated half life of these
transcripts.

RNA granules

RNA granules contain translationally inactive mRNAs and
ribosomes, and a growing list of other proteins, including the
mRNA silencing proteins staufen (Villacé et al. 2004) and
fragile X mental retardation protein (Ferrari et al. 2007).
RNA granules transport mRNAs and ribosomes from the
cytoplasm to distal processes, allowing for activity-depen-
dent translation at individual synapses (Krichevsky and
Kosik 2001). Similar translationally inactive mRNA storage
granules are present in maternal germ cells (Anderson and
Kedersha 2006). In the scope of this article, it is obviously
necessarily to consider RNA granules as intimate compo-
nents of the neuronal ribonomic network. However, their role
in post-ischemic translation control is all but unknown at
present.

The central dogma in 3D

DNA giving rise to mRNA giving rise to proteins has
conjured up a linear, sequential concept of these processes.
However, it is now well accepted that the ribonome, or set of
mRNAs in a cell, does not correlate with the proteome, or set
of proteins in a cell (Nie e al. 2007). In part, this is because
mRNA must flow through the ribonomic network before
gaining access to the ribosomes. Thus, mRNA is not simply
a passive middleman between DNA and proteins. The
ribonomic network results in a complex, highly regulated
flux of mRNA through the three dimensional structures
discussed above. While regulation of transcription and
ribosomes are both widely appreciated, the role of mMRNA
regulation in cell programming is becoming increasingly
apparent. It may turn out that active regulation of mMRNA via
ribonomic structures is of equal or greater complexity, given
the heterogeneity of mRNA molecules and the diversity of
MRNPs (Keene 2007).

Therefore, genetic programming of cell phenotype includes
three broad layers: (i) transcriptional regulation, (ii) ribosomal
regulation, and (iii) regulation of MRNA within the ribonomic
network. These ideas are quite general in terms of normal cell
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physiology: gamete formation and fertilization (King et al.
2005), development (de Moor and Richter 2001), differenti-
ation (Gao and Keene 1996), and T cell activation (Atasoy
et al. 1998), all involve active mRNA regulation. Regulation
of ribonomic foci also occurs during intracellular stress
responses in pathophysiological circumstances. We now
return to a discussion of post-ischemic TA integrating
ribonomic concepts.

Ribonomics and post-ischemic translation arrest

Our recent work suggests that regulation of mMRNA occurs in
post-ischemic neurons and plays an important role in post-
ischemic TA. In this section, we discuss our work with SGs and
ELAV/Hu granules, in which key themes have emerged. First,
there appears to be a model dependence on how these
structures act, which we tie back to the intensity of the
ischemic insult. Second, atemporal sequence of events appears
to relate changes in mMRNA regulation to both post-ischemic
TA and to the expression of post-ischemic stress responses.

Stress granules

We initially investigated SGs as a possible mechanism of
40S sequestration in vulnerable reperfused neurons. This
appeared to be the case when we observed a loss of
cytoplasmic S6 from all but SGs in CA1 pyramidal neurons
following cardiac arrest and resuscitation (CA/R)-induced
brain I/R (Kayali et al. 2005). However, this study suffered
the following limitations. (i) In Kayali et al. (2005), resistant
brain regions, but not CAL, showed a rapid and transient
increase in the number of SGs that paralleled elF2a
phosphorylation. If a significant fraction of 40S subunits
were trapped in CA1 SGs, one would expect an increase in
either the number or size of CAl SGs, but neither of these
occurred. This suggests the loss of S6 staining in CA1 was
independent of SGs. (ii) We could not recapitulate this result
using bilateral carotid artery occlusion plus hypotension
ischemia (2VO/HT) (DeGracia et al. 2007), a model which
causes prolonged TA (Jamison et al. 2008) and DND in CA1
neurons (Smith ef al. 1984). With 2VO/HT, a transient
increase in the number of SGs occurred in all post-ischemic
brain regions, including CA1, at 10 min reperfusion, as
illustrated in Fig. 1b. Further, in the 2VO/HT model, there
was no loss of S6 either by immunostaining or western blot
(DeGracia et al. 2007). In fact, S6 staining does not
substantially diminish in CAL following 2VO/HT even at
24 and 48 h reperfusion as can be seen in Fig. la.

Thus, CA/R and 2VO/HT show major differences with
respect to S6 immunostaining. The differences between the
two models may reflect ischemic intensity. The 2VO/HT and
CA/R models showed peak hippocampal elF2(P) of 5- and
12-fold controls, respectively, at 10 min reperfusion after
10 min ischemia (Kumar ez al. 2003; Roberts ez al. 2007).
As elF20(P) is a marker of cell stress (Clemens 2001), its
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higher peak level after CA/R suggests that CA/R is a stronger
insult than 2VO/HT. The increased insult intensity of CA/R
may have induced S6 proteolysis, and/or some event that
altered the antigenicity of S6. We note S6 showed a similar
loss of staining in penumbral neurons following focal
ischemia (Zhang ez al. 2006). However, as 2VO/HT ische-
mia results in selective CA1 cell death, the loss of S6 signal
from all but SGs in the CA/R model (Kayali et al. 2005) is
clearly not required for cell death. Loss of S6 appears to be a
phenomenon distinct from changes in SGs and may represent
an additional damage mechanism beyond that required for
cell death. Zhang et al. (2006) suggested loss of S6 staining
was due to sequestration in PAs. However, sequestration of
40S subunits in PAs accounts for only a fraction of total 40S
subunits (Fig. 1a and Zhang et al. (2006); DeGracia et al.
2007) so that there must also be an additional mechanism
involved in altered S6 antigenicity.

We have now studied SGs out to 72 h reperfusion in the
2VO/HT model and documented changes in SG composi-
tion. SGs colocalized with PAs at 48 h reperfusion in
vulnerable neurons (DeGracia et al. 2007). A transient
colocalization of SGs with the mRNA-destabilizing protein
tristetraprolin (TTP) occurred at 16 h reperfusion in all
reperfused neurons (Jamison et al. 2008).

Based on the above considerations, we feel we have
falsified the hypothesis that SGs sequester a large percentage
of 40S subunits in post-ischemic CA1 neurons. However,
this does not rule out a role for SGs in other types of
translation regulation after ischemia, as discussed below.

Redistribution of mRNA in reperfused neurons
We immunomapped elF4G following CA/R and identified
elF4G aggregates that were more pronounced in CAl
compared with CA3 (DeGracia et al. 2006). We have
detected similar elF4G aggregates following 2VO/HT ische-
mia (Jamison ef al. 2008). However, the main focus of
Jamison et al. (2008) was to visualize poly(A) mRNAs in
reperfused neurons using fluorescent in situ hybridization.
We observed a redistribution of cytoplasmic poly(A) mRNAs
from a smooth homogeneous staining pattern seen in
controls, to condensed, granular structures seen in all post-
ischemic neurons (Fig. 1c). We termed these structures
‘mRNA granules,” and these were present at 1 h reperfusion,
the earliest time investigated. The mRNA granules were
reversible in CA3, abating after 16 h reperfusion, when
translation was recovering in CA3. In CA1 neurons, mRNA
granules persisted to 48 h reperfusion, the latest time point
studied, and CA1 continued to show TA to this time point.
Thus, the presence of the mRNA granules correlated
precisely with post-ischemic TA in both vulnerable and
resistant neurons.

Colocalization via immunofluorescence histochemistry
and fluorescent in situ hybridization showed that the mRNA
granules colocalized with identical granular structures of
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consequences for cell function, but we depict only specific
roles for HSP70 in Fig. 3. Accumulation of HSP70 will
contribute to the eventual clearance of the ubi-protein
clusters (Fig. 3, protein stabilization) (Bukau er al. 2006).
This in turn will decrease the stimulus for HSF1 activation
and lead to decreased transcription of HSP genes (Fig. 3,
transcription autoinhibition). HSP70 has been shown to
contribute to the dissolution of SGs (Gilks er al. 2004), and
thus may also participate in the dissolution of the mRNA
granules, releasing constitutive mRNAs, allowing for a
gradual recovery of general translation. Finally, some
mechanism must exist to degrade stress-induced mRNAs.
We observed a redistribution of TTP out of the nucleus and
into TIA-1 containing SGs in both CA1 and CA3 neurons by
16 h reperfusion (Jamison et al. 2008). Redistribution of
TTP, a known mRNA-destabilizing protein (Blackshear
2002), may mark processes involved in stress-induced
MRNA degradation at P-bodies and/or exosomes.

Thus, Fig. 3 depicts a hypothesis of the net stress response
occurring in resistant neurons. Stress-induced transcription
and ribosome regulation co-occur with mRNA regulatory
events, the latter of which simultaneously silence constitutive
mRNAs, and contribute to selective translation of stress-
induced mRNAs. The stress proteins function to abate cell
damage, recover general translation, and terminate the stress
response via transcription autoinhibitory mechanisms and
degradation of stress-induced mRNAs. Although not depicted
in Fig. 3, clearance of damaged proteins, and the eventual
degradation of the stress proteins must also occur.

Persistent translation arrest in vulnerable neurons

Nowak (1990) observed: “The lasting depression of protein
synthesis and sustained expression of hAsp70 mRNA in
vulnerable hippocampal CAL neurons appear to be mecha-
nistically related and may constitute markers for cellular
pathophysiology leading to neuronal cell loss™.

We feel this was a prescient remark and an apropos
introduction to a discussion of the relevance of ribonomics to
irreversible TA in vulnerable reperfused neurons.

The model of resistant neurons described above provides a
basis to ascertain steps or processes where regulatory
dysfunction may occur in vulnerable neurons. The key to
this exercise is the observation that 4sp70 mRNA continues
to accumulate in CAL neurons, but there is no synthesis of
HSP70 protein and TA persists (Nowak 1990; Hossmann
1993; Roberts et al. 2007). As can be seen in Fig. 3, these
events indeed are related by one common factor: HSP70.
HSP70 inhibits its own transcription and contributes to
translation recovery, focusing our attention on one key point:
the selective translation of 4sp mMRNAs does not occur in
CAL. While focus in the field has been almost exclusively on
ribosome regulation, our model indicates that a defect occurs
in the selective access of Asp70 mMRNA to the ribosomes in
vulnerable neurons, pointing instead to mMRNA regulation.
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Therefore, we now discuss what is known about selective
translation of Asp MRNAs.

Regulation of translation during heat shock

Shortly after heat shock, TA occurs, followed by HSP gene
transcription, robust translation of the HSPs while constitu-
tive mRNAs are silenced, followed by a gradual recovery of
constitutive translation (reviewed in Lindquist 1986). Both
translation recovery and termination of the HSR depend on
HSP synthesis. Preventing synthesis of the HSPs also
prevents translational recovery (Widelitz et al. 1987) and
leads to super-induction of 4sp70 mRNA (DiDomenico et al.
1982), a situation strikingly similar to that which occurs in
vulnerable reperfused neurons.

However, the mechanisms of ribosome regulation follow-
ing the HSR are not stereotyped (reviewed in Schneider
2000). Phosphorylation of elF2a may (Scorsone et al. 1987)
or may not occur (Duncan and Hershey 1984; Duncan et al.
1995), and levels of elF2a(P) do not correlate with the
degree of TA (Duncan et al. 1995). Changes in elF4F better
correlate with HSR-induced TA. These include dephosphor-
ylation of elF4E (Duncan and Hershey 1984; Duncan et al.
1995), decreased elF4F (Lamphear and Panniers 1991),
hypophosphorylation of elF4E-binding proteins (Feigenblum
and Schneider 1996), and packaging of elF4G in HSP27
granules (Cuesta et al. 2000).

In terms of mMRNA regulation, sequences in the 5t UTR
are important for selective zsp mRNA translation (Lindquist
and Petersen 1990), but the specific mechanisms vary. The
glucose-regulated protein 78 kDa mRNA contains a 5¢ UTR
IRES (Macejak and Sarnow 1991), but is not induced
by heat shock (Munro and Pelham 1986). Human and
Drosophila inducible hsp70 mRNAs lack IRES and human
hsp70 mRNA is translated via ribosome shunting (Schneider
2000). The packaging of elF4G in granules was suggested
to enhance non-classical initiation of #sp mMRNAs, in part by
preventing elF4G-dependent scanning of constitutive
MRNAs (Cuesta et al. 2000). Another aspect of the
selective translation of Asp mRNAs is the silencing of
constitutive mRNAs by packaging them into heat-shock
granules (Nover et al. 1983), now recognized to be plant
analogs of SGs.

Thus, specific mechanisms of HSP selective translation are
complex, vary from cell type to cell type, and involve
multiple forms of regulation at both the ribosomes and
mRNA. With respect to post-ischemic TA, our data support
that selective HSP translation in post-ischemic brain has a
reduced dependence on elF4G as the mRNA granules
sequestered a large proportion of elF4G (Jamison et al
2008). Additionally, Martin de la Vega et al. (2001) showed
decreases in soluble elF4G and elF4F in both vulnerable and
resistant areas prior to HSP translation in resistant areas. Our
observations of mRNA granules that contain HUR suggest
that both constitutive mRNA silencing and selective
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translation of stress-induced mRNAs via RNA operon
mechanisms occurs in post-ischemic neurons.

Pinpointing the defect that prevents HSP synthesis in
vulnerable neurons

We suggest that the issues of both prolonged TA and delayed
HSP translation shift to the ribonomic issue of possible roles
of HUR and the mRNA granules in selective HSP translation.

The delay in HuR entering the mRNA granules of CAl
neurons (Jamison et al. 2008) is likely a marker of the defect
that prevents selective translation of zsp mMRNAs. HuUR is
known to export from the nucleus to the cytoplasm to effect
formation of ELAV/Hu granules (Atasoy er al. 1998). Thus,
CA1l neurons may have a defect in HuR nuclear export.
Alternatively, there may be successful nuclear export, but a
post-translational modification of HUR may occur in CAl
that precludes it entering mRNA granules. Furthermore, HUR
has been shown to transport 4sp70 mRNA from the nucleus
to the cytoplasm (Gallouzi ez al. 2000) in complexes with the
HuR ligands acidic protein rich in lysine and pp32 (Gallouzi
et al. 2001). This would suggest that 2sp70 mRNA accu-
mulates in the nuclei of CA1 neurons, which would also
preclude its translation. All of these possibilities are exper-
imentally testable hypotheses.

What is the consequence of lack of HUR in CA1 mRNA
granules? One possibility is that, assuming they enter the
cytoplasm, this may subject stress-induced mRNAs to the
same fate as the constitutive mMRNAS; which is to say, they
are silenced. The mRNA stabilizing function of HuR
suggests the logical possibility that lack of HuUR in the
mRNA granules causes a rapid turnover of stress-induced
mRNAs. However, the continued accumulation of Asp70
mRNA in post-ischemic CA1 (Nowak 1990; Roberts et al.
2007) suggests rapid turnover does not occur. A direct
avenue to investigate these various possibilities is to perform
ribonomic analyses of stress-induced transcripts such as c-fos
or hsp70 mRNA in both vulnerable and resistant regions. The
prediction is that stress-induced mRNAs will have some
combination of: (i) different subcellular localizations, (ii)
different protein-binding partners, and/or (iii) different
turnover rates, between vulnerable and resistant neuron
populations.

Conclusions

While the ideas presented here derive from existent evidence,
further investigations are clearly necessary. The model
presented in Fig. 3 serves three functions. First, it serves as
a hypothesis to guide further work. Second, it deepens the
relationship between post-ischemic TA and stress responses.
Third, it introduces defects in mRNA regulation and
ribonomic structures as candidate mechanisms underlying
the defective stress response in vulnerable neurons. The
defect in the stress response in vulnerable neurons is not TA
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per se, but impeded access of stress-induced mRNAs to the
ribosomes, thereby shifting emphasis from ribosomes to
mRNA.

Thus, regulation of transcription, ribosomes, and mRNA
constitute the layers of players involved in post-ischemic TA,
stress responses, and cell fate. If the general framework
presented here is on the right track, then the same mecha-
nism(s) underlie both prolonged TA and defective expression
of stress responses in vulnerable neurons. Identification of
these mechanisms will open them to therapeutic intervention.
Effective pharmacologic intervention would allow successful
expression of stress responses in vulnerable neurons, from
which translation recovery should mechanistically follow.
While theoretical at the moment, such a therapy may prevent
the demise of vulnerable neurons in the post-ischemic period.
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