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Abstract During post-ischemic brain reperfusion thereis
a substantial reduction of protein synthesis in selectively
vulnerable neurons. Normal protein synthesis requires a
functional trandation initiation complex, akey element of
which is eukaryotic initiation factor 2 (elF2), which in a
complex with GTP introduces the met-tRNA,. Phospho-
rylation of Ser®* on the a subunit of elF2 [elF2a(P)]
generates a competitive inhibitor of elF2B, thereby pre-
venting the replenishment of GTP onto elF2, thus block-
ing trandation initiation. It has been shown that the con-
ditional expression of an elF2o mutant (Asp substituted
for SerSl) imitating the negative charge of Ser®! (P) in-
duces apoptosis. During the first 10 min of post-ischemic
reperfusion, there is an approximately 20-fold increase in
el F2a(P) seen in the cytoplasm of CA1 hippocampal neu-
rons, and, by 1 h, there is also accumulation of elF2a(P)
in the nucleus. We utilized post-embedding electron mi-
croscopical immunogold methods to examine the local-
ization of elF2a(P) during reperfusion. Immunogold par-
ticles (10 nm) were concentrated chiefly along the rough
endoplasmic reticulum and in association with the mem-
branes of the nuclear envelope in CA1 neurons. Aggrega-
tions of gold particles in the nucleus were concentrated:
(1) within and around the nucleolus, (2) associated to
strands of heterochromatin, and (3) along putative nuclear
filaments. The presence of elF2a(P) in the nucleolus
probably reflects its association with nascent ribosomal
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subunits. The B-subunit of elF2 has a zinc finger and
polylysine blocks analogous to those on other proteins
that affect transcription. The association of el F2a(P) with
chromatin may have important implications for transcrip-
tion.
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Introduction

The long-term effects of global brain ischemia and reper-
fusion are often devastating to patients. In working to-
ward improving functional recovery after stroke or car-
diac arrest, our laboratory has focused on understanding
the pathophysiological mechanisms involved in brain in-
jury caused by ischemia and reperfusion.

Reperfusion following global ischemia causes a
prompt and prolonged suppression of protein synthesisin
selectively vulnerable neurons (SVNs) [14] in the CAl
and hilar regions of the hippocampus and in layersll, V,
and VI of the cerebral cortex [4, 22]. According to studies
by Nowak et al. [12], thisreduction in protein synthesisis
a consequence of reperfusion, and as little as 3 min of
ischemia leads to suppression of protein synthesis during
reperfusion. It is now generaly accepted that this reperfu-
sion-induced depression of protein synthesisis aresult of
inhibition of trandation initiation [3].

Trangdlation initiation is managed by a group of pro-
teins known as eukaryotic initiation factors (elFs). The
assembly of the initiation complex is an intricate process
involving over 140 proteins and requiring at least 9 initia-
tion factors in the eukaryotic cell [11]. Specifically, the
overall rate of trandation initiation is regulated by the mo-
lar relationship of elF2a(P) to el F2B [6, 16, 18]. elF2 isa
heterotrimeric protein containing a, 3 and y subunits.
Trandlation initiation requires that a complex formed by:
(D) elF2, (2) GTR, and (3) the initiator methionyl-tRNA
(Met-tRNA,) deliver Met-tRNA; to the P-site of the 43S
ribosomal subunit. During trandlation initiation, the GTP
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Fig.1A-D Photomicrographs of elF2a(P) immunostaining in
coronal sections through the dorsal hippocampus of rats. A Con-
trol, B 10-min ischemia and 10-min reperfusion, C 10-min isch-
emia and 1-h reperfusion, D 10-min ischemia and 10-min reperfu-
sion with primary antibody preblocked with 55 nM antigenic pep-
tide. Chromogen affinity of large myelinated fibers may be re-
sponsible for the nonspecific staining of the alveus. Arrows in all
the sections point at the pyramidal cell layer of the hippocampal
CAL. Orthogonal arrows in A indicate dorsal (d) and media (m)
directions. Bar D (same for all sections) 1 mm

is hydrolyzed, and the elF2-GDP complex is released.
The guanine nucleotide exchange enzyme, elF2B, must
catalyze the release of GDP from the el F2-GDP complex
to regenerate the el F2-GTP complex before el F2 can par-
ticipate in a subsequent round of translation initiation.
Phosphorylation of Ser’* on the a-subunit of elF2
[elF2a(P)] generates atightly bound competitive inhibitor
of elF2B [6, 17]. Because the concentration of elF2 is
four to five times that of elF2B in the brain, when ap-
proximately 20-25% of total elF2a is phosphorylated,
trandlation initiation is substantially inhibited.

Previous work in our laboratory identified, in brain ho-
mogenates, a reperfusion-induced approximately 25-fold
increase in el F2a(P) to more than 20% of total el F2a, and
then characterized the spatio-temporal localization of
elF2a(P) in brain corona sections after 10 min of isch-
emia followed by either 10 min, 60 min, or 4 h of reper-
fusion [4]. This work further demonstrated that el F2a(P)
initially accumulated in the perikarya cytoplasm of neu-
rons, but by 1 h of reperfusion was also prominent in
the nuclei of SVNs. The present investigation aimed to:

o

(1) confirm the localization of elF2a(P) in the reperfused
rat hippocampus, and (2), for the first time, show the ul-
trastructural localization of elF2a(P) in the CA1 sector
during brain reperfusion.

Methods
Animal model

All animal experiments were approved by the Wayne State Uni-
versity Animal Investigation Committee and were conducted fol-
lowing the “Principles of Laboratory Animal Care” (NIH publica-
tion No. 86-23, revised in 1985). Male Long Evans rats (425-500 g)
were anesthetized (44 mg/kg i.m. ketamine and 5 mg/kg i.m.
xylazine), and femora vessels were catheterized. The animals
were monitored for arterial pressure, ECG, and core temperature,
and were subjected to a 10-min cardiac arrest followed by resusci-
tation and intensive care as previously described [3].

Immunohistochemistry

Animals (n = 10; 8 experimentals and 2 non-ischemic controls)
were perfused transcardially with 0.1 M phosphate buffer (PB, pH
7.4) containing 5 uM okadaic acid (to inhibit serine phosphatases
[2]), followed by 250 ml fixative containing 4% paraformal dehyde
and 0.1% glutaraldehyde in 0.1 M PB. Brains were removed and
immersed in the same fixative overnight at 4°C. Coronal sections,
30 um in thickness, were prepared from non-ischemic and control
brains with a vibratome and collected in 0.1 M phosphate-buffered
saline (PBS, pH 7.4). Immunostaining was performed using our
antibody specific to Ser®-phosphorylated elF2a [4] and the
avidin-biotinylated-peroxidase complete kit (Vector Laboratories,
Burlingame, Calif.). Briefly, single sections were treated with 3%
hydrogen peroxide for 10 min, washed three timesin PBS, perme-



Fig.2A, B Immunostaining
for elF2a(P) in coronal sec-
tions through the dorsal hip-
pocampus of arat subjected to
10-min ischemia and 10-min
reperfusion. A Note that CA1
immunostaining occurs primar-
ily in the cytoplasm of pyrami-
dal neurons. Arrows point at
immunostaining in microvas-
cular endothelium and in a
supporting cell. B Photomon-
tage including the hilar region
(upper 2/3 of figure) and the
ventral blade of the dentate
gyrus. Single arrow points at
stained endothelium. Bar A
(also for B) 100 pm
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abilized in 0.3% Triton X-100 for 15 min, and washed three times
in PBS. Tissue sections were then pretreated with 1% SDSin PBS
for 5 min, rinsed in PBS, and then heated for 10 min in an 80°C
waterbath to retrieve antibody binding sites [1], preblocked in 10%
goat serum for 30 min and incubated at 4°C in anti-elF2a(P) di-
luted 1:100 in PBS overnight. Concomitant immunostaining con-
trols performed on adjacent sections included: (1) preblocking the
primary antibody with 55 nM antigenic peptide, and (2) omitting
the primary antibody. The same immunostaining controls were
performed concurrently on non-ischemic brain sections. All sec-
tions were then washed three timesin PBS and incubated for 1 hin
the avidin-biotinylated-peroxidase complex goat anti-rabbit 1gG
diluted 1:20 in 0.15% normal goat serum and PBS. Immunoreac-
tivity was detected using 0.03% hydrogen peroxide and 0.01% di-
aminobenzidine in PBS, and the reaction was terminated by wash-
ing three times with PBS.
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Immunogold electron microscopy

The same brains were used to obtain 300-um coronal sections, and
the CA1 sector of the dorsal hippocampus at approximately 4 mm
posterior to Bregma was microdissected. Consecutive vertical cuts
were made to include a 2-3-mm width of the CA1 sector from the
alveus to the dentate gyrus. This was followed by a dorsal cut lon-
gitudinal to the alveus and another longitudinal cut approximately
1 mm ventral to the alveus at the hippocampal fissure. The tissue
blocks were dehydrated in increasing ethanol concentrations of
50%, 70%, 95% (3 x 5 min each), and 100% (3 x 10 min), incu-
bated in propylene oxide (3 x 10 min) followed by 1:1 propylene
oxide/Araldite plastic overnight, and then placed in fresh 100%
Araldite plastic for 5 h, embedded in beam capsules, and polymer-
ized for 72 hina60°C oven. A Leica Ultracut microtome was uti-
lized to obtain 0.1-um sections, which were placed on 300 mesh
gold grids. The sections were then hydrated in 0.1 M TRIS
buffered saline (TBS) for 3 min, etched in 5% sodium metaperio-
date[20] (in 0.1 M TBS) for 5 min, blocked in 10% goat serum (in
0.1 M TBS) for 30 min, and placed in anti-elF2a(P) 1:50in 0.1 M
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Fig.3A-G elF2a(P) im-
munostained cells following
10-min ischemia and 10-min
reperfusion. A Stained CA1
pyramidal neurons. B Stained
interneuron in the CA1 stratum
oriens. C Stained granule cells
in the ventral blade of the den-
tate gyrus. D Stained hilar cell.
E Two lightly stained astro-
cytesin the CA1 molecular
layer; arrow indicates im-
munostained astrocytic pro-
cess. F Corpus callosum. Ar-
row points at the stained cyto-
plasm of an interfascicular
oligodendrocyte. G Arrow
points at deep staining in the
endothelial layer of a hip-
pocampal arteriole. A large as-
trocytic foot process (ap) ap-
posed to the vessel islightly
stained. Note that the arterial
smooth muscle layer, between
the endothelium and the peri-
vascular sheath, is unstained.
Bar B (also for A, C-G) 10 pm

TBS overnight. Grids were then rinsed 3 timesin TBS and placed
in 1:40 10-nm gold-conjugated goat anti-rabbit IgG in 0.1 M TBS
for 2 h, rinsed 3timesin TBS and 20 timesin dH,O. Finaly, grids
were stained with uranyl acetate and lead citrate and visualized us-
ing aJEOL 1010 electron microscope. Ten neuronal cell body pro-
files in the pyramidal cell layer from each CA1 sector were ana-
lyzed for the presence of immunogold (IG) particles. Although no
quantitative analyses were carried out, the qualitative numbers and
distributions of 1G particles in al the cell body profiles observed
for either time of reperfusion were consistently similar. Hip-
pocampal blood vessel lumina from both control and experimental
brains were analyzed to determine background levels of 1G parti-
cles.

Results

Pattern of el F2a(P) immunostaining
in dorsal hippocampus

Characteristic patterns of elF2a(P) immunostaining that
contrasted with those from controls were observed in sin-
gle coronal sections through the dorsal hippocampus of
rat brains subjected to ischemia and reperfusion. At low
magnification very little staining was observed in sections
from non-ischemic rat brains (Fig.1A), whereas intense
staining was present in sections from brains subjected to
10-min ischemia and 10-min (Fig.1B) and 60-min (Fig.
1C) reperfusion, respectively. In contrast, no immunola-



Fig.4 A Electron micrograph
of gold-conjugated el F2a (P)
immunostaining in a non-isch-
emic CA1 pyramidal neuron.
Outlined area is reproduced at
higher magnification in B.

B Only one gold particle (ar-
row) isfound in this portion of
the cytoplasm, whereas the nu-
cleus (nu) contains no gold
particles. Bar A 1 um B 200 nm

beling was found in sections when the el F2a(P) antisera
was preblocked with 55 nM antigenic peptide (Fig.1D).
The most intensely labeled areas of dorsal hippocampus
from reperfused brains occurred in the pyramidal cell
body layer of the CA1 hippocampal sector (Fig.1, ar-
rows), and staining was aso present in the CA3 sector, hi-
lar region and granule cells of the dentate gyrus (Fig. 1B,
C). Faint labeling occurred in the dendritic layers through-
out the hippocampus, and nonspecific staining in the
alveus was attributed to chromogen affinity of myelinated
fibers there.
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Compartmentalization of elF2a(P)
after 10-min ischemia and 10-min reperfusion

Light microscopy

The bulk of elF2a(P) immunostaining after 10-min isch-
emia/10-min reperfusion was confined to the cytoplasm
of nerve cell perikarya and the initial portion of dendrites
in the hippocampal areas mentioned above. Figure 2
shows such staining in the pyramidal cell layer of the CA1
sector (Fig.2A), aswell asin the hilar region and adjacent
granule cell layer of the ventral blade of dentate gyrus
(photomontage Fig.2B). None of the light microscopic
preparations at these magnifications showed neuronal
elF2a(P) nuclear labeling of CA1 pyramidal neurons;
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Fig.5 A Electron micrograph
of gold-conjugated el F2a (P)
immunostaining in a CA1
pyramidal neuron after 10-min
ischemia and 10-min reperfu-
sion. Areas outlined by rec-
tangles are reproduced at
higher magnificationin B, C
and D. B Nucleus (nu) and ad-
jacent cytoplasm. Note numer-
ous gold particles in cytoplasm
(arrows). C, D Nucleolus and
adjacent nucleoplasm. Scat-
tered gold particles indicate
light staining in the nucleolus,
adjacent nuclear chromatin,
and nuclear matrix. Bars A, B
1 pm; D (aso for C) 200 nm

however, some nuclear elF2a(P) was revealed with elec-
tron microscopy (EM, see below). Moderate staining was
also evident in putative glial cells and in endothelial cells
that line hippocampal blood vessels (Fig. 2, arrows). At
high magnification (x 2000) the localization of elF2a(P)
in the cytoplasm of CA1 neurons (Fig.3A), dentate gran-
ule cells (Fig.3C), and hilar cells (Fig.3D) was con-
firmed. In addition, intense labeling of nerve cells in the
stratum oriens, radiatum, and lacunosum/molecul are sug-
gests that varieties of hippocampal interneurons were af-
fected by the same sequelae that affected pyramidal and
granule cell neurons. An example of one such cell from
the stratum oriens is shown in Fig.3B. At high magnifi-
cation it was also possible to recognize lightly stained as-
trocytic cell bodies and their long, radiating processes

(Fig. 3E, arrow). Astrocytic foot processes were occasion-
aly observed apposing the outer perimeter of hippocam-
pal blood vessels, contributing to the perivascular sheath
(Fig.3G, ap). Furthermore, the staining of glia was not
confined only to astrocytes because some oligodendro-
cytes also showed moderate immunostaining in their cyto-
plasm (Fig. 3F, arrow).

Electron microscopy

In contrast to ultrathin sections through the CA1 from
non-ischemic brains, which showed little or no IG (Fig.
4), sections from brains after 10-min ischemia/10-min
reperfusion showed distinct patterns of neuronal, glial,



Fig.6 A—C Electron micro-
graphs of elF2a(P) immunos-
tained gliain the CA1 hip-
pocampal sector after 10-min
ischemia and 10-min reperfu-
sion. Area outlined by rectan-
glein A isreproduced at a
higher magnification in B.

A Oligodendrocyte; B im-
munogold particles (arrows)
indicate light staining of the
nucleus of the oligodendrocyte;
C portion of an astrocyte with
light immunostaining of the
nuclear chromatin (arrow) and
the cytoplasm (arrowhead)

(fi glia filaments). Bars A

1 um; C (aso for B) 200 nm

and endothelial subcellular elF2a(P) localization. CAl
pyramidal neurons had moderate numbers of 1G particles
in the perikaryal cytoplasm (Fig.5A, B) and scattered
particles distributed throughout the nucleus (Fig.5C, D).
In the cytoplasm, although afew 1G particles appeared to
be free, they were mostly associated with the rough endo-
plasmic reticulum (RER) (Fig.5B, arrows). In the nucleus
IG particles were associated with the: (1) nucleolus, (2)
adjacent nuclear chromatin, and (3) nuclear matrix (Fig.
5C, D). Further analyses of the glia localization revealed
|G clusters associated with the nuclear chromatin of both
oligodendrocytes (Fig.6A, B) and astrocytes (Fig.6C). In
hippocampal blood vessels clusters of I1G particles were
found in association with the endothelial nuclear chro-
matin and the nuclear envelop, while scattered particles
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were also present in the cytoplasm of both endothelia
cells and adjacent perivascular astrocytes (Fig.7A, 7B).

Compartmentalization of elF2a(P)
after 10-min ischemia and 60-min reperfusion

Light microscopy

Although the pattern of elF2a(P) immunostaining of the
dorsal hippocampus after 10-min ischemia/60-min reper-
fusion resembled that after 10-min ischemia/10-min
reperfusion, some notable differences were found. First,
increased staining was evident in the perikaryal and den-
dritic cytoplasm of many hippocampal neurons. Apical
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Fig.7A, B Electron micro-
graphs of a CA1 microvessel
from a 10-min ischemic
10-min reperfused brain after
elF2a(P)/immunogold stain-
ing. A Portions of the endothe-
lium (en), microvessel lumen
(lu) and a perivascular astro-
cyte (as). Note that the endo-
thelial nucleus, as well as the
luminal membrane (arrows 3
are deeply folded, suggesting a
state of contractility. Area out-
lined by the rectangle is repro-
duced at a higher magnifica-
tion in B. B Scattered gold par-
ticles are found in the nucleus
and nuclear membrane. Bars A
1 pm, B 200 nm

dendrites of CA1 neurons were visualized extending from
the pyramidal cell layer into the adjacent stratum radiatum
(Fig.8A). Hilar cell dendrites could aso be followed to
their first and sometimes second branching points (Fig.8
B). These findings suggested that el F2a(P) was not only
more pervasively distributed in the perikaryon but that
elF2a may also have undergone phosphorylation in dista
regions of the processes, that are known to contain ele-
ments of the RER. However, these findings were not seen
in al hippocampal neurons. In fact, dentate granule cells
actually displayed lighter staining of the cell body as com-
pared with that seen in the 10-min reperfused tissue (com-
pare the dentate granule cell bodies in Figs.2B and 8B).
The second important finding in the 60-min reperfused
tissue was the presence of light immunostaining in the nu-

clei of some hippocampal CA1 neurons, consistent with the
previous observation of increased localization of elF2a(P)
in these nuclei with increasing time of reperfusion.

High-power (x 2000) light microscopic examination
confirmed the findings in CA1 (Fig.9A) and hilar (Fig.
9B) neurons, and also revealed the absence of staining in
glia (Fig.9C) and endothelia cells (Fig.9D). In addition,
the nuclei of some CA1 neurons appeared lightly |abeled
(Fig.9A).

Electron microscopy

EM analyses of ultrathin sections through the CA1 after
10-min ischemia/60-min reperfusion revealed qualitative



Fig.8A, B elF2a(P) im-
munostaining in coronal sec-
tions of the dorsal hippocam-
pus following 10-min ischemia
and 60-min reperfusion. A In
most CA1 pyramidal neurons
deep cytoplasmic immunos-
taining extends into apical den-
drites. B Photomontage in-
cludes the hilar region (upper
2/3 of figure) and the ventral
blade of the dentate gyrus.
Deep staining of the cell bod-
iesin hilar neurons extends
into the dendrites. Arrow points
at the hilar cell shown at higher
magnification in Fig.9B. Also
note lighter staining of the den-
tate granule cells as compared
tothat in Fig.2B. Bar A 50 um

increases of elF2a(P) in pyramidal neurons compared
with those found at 10 min of reperfusion. Such increases
were noted in both the cytoplasm (Fig.10A, B) and the
nucleus (Fig.11A, B). High-resolution analyses revealed
elF2a(P) in discrete subcellular compartments in both cy-
toplasm and nucleus. In the cytoplasm |G particles were
localized primarily to the: (1) outer aspect of the nuclear
envelope, (2) RER, and (3) outer membrane of mitochon-
dria (Fig.10B, single arrow, double arrows, and arrow-
heads, respectively). In the RER many |G particles aligned
themselves along the membrane of the cisterna. Scattered
particles were aso found throughout the cytosol with no
apparent relationship to any organelle and could represent
elF2/el F2B complexes dissociated from ribosomes. In the
nucleus, 1G particles were found predominately associ-
ated with three structures: (1) peripheral areas of the nu-
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cleolus, (2) nuclear chromatin strands, and (3) thin, puta-
tive nuclear filaments (Fig.11, single arrow, double ar-
rows). No |G particles were found in relation to any glia
cell type or vascular endothelium (data not shown).

Discussion

Here we: (1) reconfirmed the temporal and cellular local-
ization of elF2a(P) within SVNs of the rat hippocampus,
(2) observed elF2a(P) immunostaining in endothelial
cells and glia after 10- but not after 60-min reperfusion,
and (3) for the first time characterized the ultrastructural
localization of elF2a(P) within CA1 neurons after 10-min
ischemia followed by either 10-min or 1-h reperfusion.
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Fig.9A-D Higher-power pho-
tomicrographs of elF2a(P) im-
munostaining following 10-min
ischemia and 60-min reperfu-
sion. A CA1 pyramidal neu-
rons. Note that a few of the
pyramidal cell nuclel appear
lightly labeled. B Hilar neuron.
C Immunostaining is now ab-
sent from interfascicular oligo-
dendrocytes in the corpus cal-
losum and D from endothelial
cells and apposed astrocytic
foot processes. Bar D 10 um

elF2a(P) and selective neuron vulnerability

The fact that the brain’s response to ischemia and reperfu-
sion is not regionally homogeneous in the dorsal hip-
pocampus is evident when immunostaining in the CA1l
and dentate gyrus are compared. Whereas the light-level
immunolabeling of the dentate gyrus (a non-vulnerable
area) diminishes substantially after 60 min of reperfusion,
it intensifies in the CA1, and thisis also seen at the ultra-
structural level. As expected from the role of elF2a in
regulating translation initiation, accumulation of elF2a(P)
co-maps with reduced protein synthesis during reperfu-
sion [21], and here el F2a/(P) is ultrastructurally associated
with ribosomes along the RER in CA1 pyramida neu-
rons. Furthermore, the neurons most susceptible to de-
layed neuronal death (i.e., CA1 and some hilar cells) after
ischemia are those that do not regain normal protein syn-
thesis[14], and emerging evidence suggests that apoptosis
of these cells could be triggered by elF2a(P) itself [8, 19].

elF2a(P) nuclear compartmentalization

In our previous light-level characterization of the localiza-
tion of elF2a(P) during reperfusion [4], we observed nu-
clear localization of elF2a(P) in CA1 neurons by 60 min
of reperfusion. The ultrastructural studies here confirm
this finding, although in the present study light-level nu-

clear immunostaining isless evident. Our earlier light mi-
croscopic studies were done using methanol/acetic acid
fixation, which does not cross-link proteins and more
readily allows antibody penetration of the tissue, yet is not
adequate for ultrastructural study. Unlike other fixatives,
it is known that aldehydes form both intramolecular and
intermolecular cross-links with protein molecules, result-
ing in the formation of more rigid heteropolymers [7].
Here, although the aldehyde fixation provided good struc-
tural preservation for EM analysis, it reduced immuno-
staining of elF2a(P) and required antigen-retrieval proce-
dures[1] to achieve light-level cytoplasmic immunostain-
ing. Thus, nuclear penetration by the antibody in the 30-
pum sections was apparently poor. As evidenced by the |G
preparations, the failure of the antibody to immunostain
nuclel at the light level did not necessarily reflect the ab-
sence of the antigen, but rather was due to the inability of
the antibody to reach the protein in the nucleus under the
conditions used to prepare and incubate the materia [1].
Lobo et al. [10], utilizing ultrastructural techniques and
an antibody that did not discriminate between phosphory-
lated and unphosphorylated elF2a, observed elF2a
within nuclei of cultured neurons that had not sustained
any insult. The fact that we have never observed el F2a(P)
in nuclei of uninjured neurons argues that the nuclear iso-
form of elF2a observed by Lobo et al. was unphosphory-
lated. However, after 60-min reperfusion we have ob-
served abundant el F2a(P) in the nuclel of vulnerable CA1



Fig.10 A Electron micrograph
of gold-conjugated el F2a (P)
immunostaining in a CA1
pyramidal neuron after 10-min
ischemia and 60-min reperfu-
sion shows portions of the nu-
cleus (nu) and cytoplasm. The
outlined area reproduced at a
higher magnification in B
shows immunogold localiza-
tion: (1) at the nuclear envelop
(arrow), (2) on the rough en-
doplasmic reticulum (double
arrows), and (3) on the outer
mitochondrial membrane (ar-
rowheads). Bars A 1um,

B 250 nm

neurons, both at the light level in methanol/acetic acid-
fixed sections [4] and at the EM level in aldehyde-fixed
tissue. The a-subunit of elF2 contains in its primary se-
guence several nuclear localization signas, such as RRRIR
(52-56), KRR (86-88), or KYKR (140-143) [5, 15]. In
particular, the RRRIR site is immediately adjacent to the
Ser’5 phosphorylation site and could become exposed by
the hydrophilic effect of the phosphorylation. Indeed, in
CA1 neurons a 1-h reperfusion, ultrastructural localiza-
tion of elF2a(P) revealed numerous gold particles within
peripheral areas of the nucleolus, on nuclear chromatin
strands, and along putative nuclear filaments. Whether
these localizations represent true binding of elF2a(P) to
ultrastructural nuclear components remains unclear. How-
ever, electromobility shift assays, to assess the DNA bind-
ing capability of elF2a(P), are currently underway in our
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laboratory to resolvethisissue. It is also known that the [3-
subunit of elF2 contains nucleotide binding motifs that
are not involved in binding GTP or Met-tRNA (reviewed
in [3]). Our observations, together with those of Lobo et
a. [10], and the emerging evidence directly implicating
elF2a(P) in induction of apoptosis raise important funda-
mental questions regarding potential nuclear functions of
o-subunit-phosphorylated el F2.

elF2a(P) presence in non-neuronal cells

Although not our primary aim, our data also revealed cel-
lular staining of both glia (astrocytes and oligodendro-
cytes) and endothelial cells within the dorsal hippocam-
pus. Unlike our previous study [4], no astrocytic staining



504

Fig.11 A Electron micrograph
of gold-conjugated el F2a (P)
immunostaining in a CA1
pyramidal neuron after 10-min
ischemia and 60-min reperfu-
sion shows the nucleolus and
adjacent nucleoplasm. Numer-
ous gold particles are scattered
throughout the peripheral nu-
cleolus and the nucleoplasm.

B Higher magnification of
area outlined in A shows gold
particles: (1) in the peripheral
areas of the nucleolus (arrow),
(2) on nuclear chromatin
strands (double arrows) and
(3) on thin nuclear filaments
(arrowheads). Bars A 1 um,

B 250 nm

was observed in the non-ischemic control brains, but it is
likely that the major modification in fixation procedure af-
fected this observational difference. In addition, this ear-
lier investigation [4] showed a lack of elF2a(P) staining
in astrocytes from the ischemic, non-reperfused brains.
Our current study did, however, resolve identifiable glial
staining after 10 min of reperfusion that was absent by 60
min of reperfusion. Light microscopy reveaed cytoplas-
mic glial staining, while subcellular observations found a
few |G particles associated with nuclear chromatin in as-
trocytes and oligodendrocytes. The |G particle density we
observed in glial nuclei never approached the IG density
seen in the nuclei of vulnerable neurons at 60-min reperfu-
sion, and recognition of this difference is consistent with
our earlier observations [4]. Tissue subjected to 60 min of
reperfusion displayed no detectable glial staining in either
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this or our previous study [4]. While light staining of glia
cells may signal diminished capacity for protein synthesis
during early reperfusion, the loss of elF2a(P) staining that
we observed within these cells may actually reflect en-
hanced protein synthesis during later reperfusion [13].
The novel discovery of elF2a(P) immunostaining
within the endothelial cells lining hippocampal blood ves-
sels was also unexpected. However, it is known that dur-
ing post-ischemic reperfusion endothelial cells generate
nitric oxide, and there is recent evidence showing that el-
evated levels of nitric oxide induce phosphorylation of
elF2a [9]. After 10 min of reperfusion, both cytoplasmic
and nuclear labeling is evident, and some anti-el F2a(P)-
conjugated |G particles are associated with nuclear chro-
matin. As was the case for glia, endothelial cells are also
devoid of immunostaining after 60 min of reperfusion.



These findings suggest that following 10-min ischemia
non-neuronal cells may effectively deal with mechanisms
leading to reperfusion-induced injury.

The exact mechanisms by which glia and endothelial
cellsresist injury by ischemiaand reperfusion are unknown,
but they evidently rapidly dephosphorylate el F2a(P) and
do not sustain prolonged inhibition of protein synthesis.
In contrast, vulnerable neurons do sustain prolonged inhi-
bition of protein synthesis, associated with persistent cy-
tosolic el F2a(P) and accumulation of substantial amounts
of nuclear elF2a(P).

Summary and conclusions

The results from this study provide morphological evi-
dence supporting both cytosolic and nuclear roles for
el F20(P) after reperfusion. Given the evidence that el F2a (P)
itself induces apoptosis [19], it is clear that further studies
must examine the question of whether elF2a(P) has im-
portant implications for regulation of transcription or
post-transcriptional processing as well as for regulation of
trandation initiation during brain reperfusion.
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