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Abstract
This study examined very brief focal ischemia that simulates transient ischemic attacks (TIAs) that
occur in humans. Adult rats were subjected to sham operations or 5- minutes, 10- minutes, or 2-hours
of middle cerebral artery (MCA) ischemia using the suture (thread) model. Hsp70 protein was
induced 24h, 48h and 72h later in neurons throughout the entire MCA territory in many but not all
animals. Following 5- and 10-minute MCA occlusions, 9 of 32 animals (28%) had microinfarcts
mostly in dorsal lateral striatum. Uncommon Hsp70 stained intracellular cytoplasmic inclusions,
some of which co-localized with activated caspase-3, were detected in microglia, macrophages,
astrocytes and oligodendrocytes. Hsp70 stained neurons were TUNEL negative at 24h and 48h
whereas some Hsp70 stained neurons were TUNEL positive at 72h after reperfusion. Hsp70 positive,
activated “bushy” microglia and Hsp70 negative, activated “polarized” or rod-shaped microglia were
located outside of the microinfarcts. Thus, experimental focal ischemia simulating TIAs can: induce
Hsp70 protein throughout the ischemic vessel territory; produce Hsp70 protein positive glial
inclusions; activate Hsp70 positive and negative microglia; and cause microinfarcts in some animals.
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1. Introduction
The classic definition of a transient ischemic attack (TIA) is a temporary focal neurological
deficit caused by brief interruption of local cerebral blood flow (Johnston, 2002). The
symptoms of a TIA in the carotid territory typically last 5 to 10 minutes in humans and by
definition last less than 24 hours (Pessin et al., 1977). As many as a third of TIA patients
eventually go on to have ischemic strokes (Rothwell et al., 2006). Recently, magnetic resonance
diffusion-weighted imaging (DWI) has been used to assess cerebral ischemia. DWI measures
the Brownian motion of water protons in tissue. When sodium-potassium pumps fail, water
moves from the extracellular space to the more restricted intracellular space. This restricted
proton motion causes an ischemic lesion to appear bright on DWI (Davis et al., 2006). Though
TIAs have not been confirmed pathologically to be associated with cell death in brain, as many
as 25-40% of TIA patients have DWI abnormalities on MRI brain scans (Nagura et al., 2003;
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Rothwell et al., 2006). Animal models show that these DWI changes occur within minutes of
the onset of ischemia (Moseley et al. 1990; Li et al., 2000; Tong et al., 2000). These results
suggest that some classical TIA patients may have brain infarction. Though TIA is a common
cerebrovascular disorder (Johnston et al., 2003; Rothwell et al., 2006), there are few
experimental studies directed only at 5-10 minute durations of focal ischemia.

Ischemic brain damage can be prevented or at least significantly reduced when there is a
preceding brief ischemic period that does not exceed the “threshold for tissue damage”--a
phenomenon termed “ischemic preconditioning” (Sommer, 2008). There are some reports of
using 3-20 minutes of focal ischemia, but almost all of these short durations of ischemia are
used for the induction of “preconditioning” or “ischemia-induced tolerance” (Chen et al.,
1996; Li et al., 2006; Currie et al., 2000; Puisieux et al., 2004; Shimizu et al., 2001; Dhodda
et al., 2004; Naylor et al., 2005). Focal ischemia as short as 3 minutes produced preconditioning
(Puisieux et al., 2004), with three 10 minute episodes of preconditioning appearing to produce
the best protection against focal infarction (Chen et al., 1996; Li et al., 2006).

One study has shown that 10 minutes of focal ischemia induced Hsp70 mRNA 24 hours later
in brain (Soriano et al., 1995). Since ischemia produces a translation block that may or may
not affect synthesis of heat shock proteins (Vass et al., 1988; Gonzalez et al., 1989; Kinouchi
et al., 1993a), this study specifically examined Hsp70 protein expression following very brief
focal ischemia.

Given the clinical importance of TIAs and the fact that few studies have studied TIAs
experimentally, we initiated these studies. The suture model was used, since it is well suited
for producing 5 or 10 minutes of focal ischemia with reperfusion (Longa et al., 1989). We
examined Hsp70 protein expression following the brief ischemia, and searched for evidence
of infarction using Nissl, NeuN and GFAP staining and searched for evidence of isolated cell
death using TUNEL and cleaved, activated Caspase-3 staining.

2. Results
2.1 Induction of Hsp70 Protein and Microinfarction Following Brief Focal Ischemia

Hsp70 protein was expressed in the brain of animals subjected to 5 minute, 10 minute and 2h
of focal, middle cerebral artery (MCA) ischemia (Fig. 1A-O) and not in animals subjected to
sham operations (Fig. 1P-R). Five minutes of focal MCA ischemia induced Hsp70 protein in
both striatum and cerebral cortex in much of the MCA territory (Fig.1, A-C). Following 10
minutes of focal MCA ischemia, Hsp70 was similarly expressed in the cortex and striatum in
much of the MCA territory (Fig. 1, D-L). The maximal induction of Hsp70 following 10
minutes of ischemia was at 24h (Fig. 1, D-F) with less Hsp70 at 48h (Fig. 1, G-I) and 72h (Fig.
1, J-L). Two hours of MCA ischemia produced infarction of striatum and cortex, with most of
the Hsp70 protein expressed at the margins of the infarct (Fig. 1, M-O). At 24h following 5
minutes of focal ischemia Hsp70 protein was expressed primarily in neurons in the cortex (Fig.
1B) and striatum (Fig. 1C). Similarly, following 10 minutes of MCA ischemia Hsp70 protein
was expressed primarily in neurons in cortex and striatum at 24h (Fig. 1, E, F), 48h (Fig. 1, H,
I) and 72h (Fig. 1, K, L). The Hsp70 positive neurons in cortex were distributed throughout
all cortical layers (I-VI) following both 5 and 10 minutes of MCA ischemia at 24 to 72h of
reperfusion (Fig. 1, A,D,G,J). Following 2 hours of ischemia with a 24h reperfusion, little
Hsp70 protein was expressed in the core of large middle cerebral artery infarctions (Fig. 1M).
Hsp70 protein was expressed at the margins of the infarction (Fig. 1M) in microglial cells and
in neurons (Fig. 1, N, O).

Of the 8 animals subjected to 5 minutes of ischemia, 5 (63%) showed Hsp70 staining 24h later.
Of the 8 animals subjected to 2h of ischemia, 6 (75%) showed Hsp70 staining 24h later.
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Following 10 minutes of ischemia 87.5%, 75.0%, and 50.0% of animals (n=8 at each time)
expressed Hsp70 protein at 24h, 48h, and 72h later, respectively.

Western blot analysis (Fig. 2A) confirmed that the maximal induction of Hsp70 protein at 24h
of reperfusion occurred following 10 minute and 120 minute (2h) MCA occlusions (Fig. 2A,B).
Following 10 min MCA ischemia, the expression of Hsp70 protein was maximal at 24h and
decreased at 48h and 72h reperfusion (Fig. 2A,C).

Microinfarcts, not visible with the naked eye, were noted in 9 of the 32 rats (28%) subjected
to 5 or 10 minutes of ischemia (Figs. 3B,D,F). Following 5 minutes of focal ischemia 2/8 of
the animals had microinfarcts at 24h. The areas of microinfarction were limited to the dorsal
lateral striatum. Following 10 minutes of focal ischemia 3/8 of the animals had microinfarcts
at 24h, 2/8 at 48h, and 2/8 at 72h. These microinfarcts following 10 minutes of focal ischemia
mainly involved the dorsal lateral striatum but occasionally involved adjacent cortex.
Microinfarcts in ischemic striatum showed no NeuN staining of neuronal nuclei (Fig. 3B)
compared to normal NeuN staining of neuronal nuclei in the contralateral non-ischemic
striatum (Fig. 3A). Microinfarcts in ischemic striatum showed no GFAP stained astrocytes
(Fig. 3D) compared to normal GFAP stained astrocytes in the non-ischemic, contralateral
striatum (Fig. 3C). These same regions in dorsal lateral striatum showed disintegration of cells
in the microinfarcts with Nissl staining (Fig. 3F) compared to normal Nissl staining in the
contralateral non-ischemic striatum (Fig. 3E). Similar findings were observed in the scattered
cortical microinfarcts following 10 minutes of focal ischemia (not shown).

The animals with 2h occlusions had large MCA infarcts involving the striatum and cortex as
well as microinfarcts (Fig. 3G) involving the cortex. Microinfarcts were often observed around
the large infarcts following 2h MCA occlusion. Macrophages expressed Hsp70 protein in the
core of the microinfarct (Fig. 3G, red arrows). Hsp70 stained microglia surrounded the infarct
and had a “bushy” appearance (Fig. 3G,H, yellow arrows). Some Hsp70 stained neurons were
intermixed with the Hsp70 stained microglia (Figs. 3G, H, blue arrows) at the margins of the
infarct. Neurons were identified using NeuN double labeling, microglia were identified using
OX42 double labeling, and macrophages were identified using ED1 double labeling (not
shown). Hsp70 stained glial-like cells that did not co-localize with any cell markers used in
the study were occasionally found at the margins of infarcts either after 5 or 10 minute ischemia
or 2h ischemia (Fig. 3H, black arrows).

2.2 Localization of Hsp70 in neurons and glia
Double-label immunocytochemistry confirmed the Hsp70 protein staining of individual cell
types. Following 5-minute or 10-minute (Fig. 4, A1, A2, A3) MCA occlusion, Hsp70 protein
was localized mainly to cytoplasm of neurons. Following 2h MCA occlusion and 24h
reperfusion, Hsp70 protein was localized to cytoplasm and occasionally to nuclei (Fig. 4, B1,
B3) of NeuN stained neurons (Fig. 4, B2, B3).

To confirm the types of glial cells that expressed Hsp70, tissues were stained for Hsp70 protein
and OX42, ED1, RIP, or GFAP following 5-minute, 10-minute or 2h MCA occlusions. Hsp70
was co-localized with OX42 (Fig. 5, A2, A3), ED1 (Fig. 5, B2, B3), RIP (Fig. 5C2, C3) and
GFAP (Fig. 5, D2, D3). The Hsp70 stained, OX42 double-labeled microglia were localized
predominantly at the margins of infarcts following 5 minute, 10 minute or 2h MCA ischemia.
The Hsp70 stained, ED1 double-labeled macrophages were localized primarily within the core
of infarcts and adjacent to blood vessels, the pia mater and the ependymal cell layer (not shown).
Hsp70 stained, double-labeled GFAP stained astrocytes were very sparse and found either near
infarcts or at the cortical surface. Hsp70 stained, RIP double-labeled oligodendrocytes were
sparse and located near Hsp70 positive neurons and microglia (not shown).
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Following 10 minutes of ischemia and 48h and 72h of reperfusion, some of the Hsp70 (Fig.
5A1, B1, C1, D1) stained microglia (Fig. 5A2), macrophages (Fig. 5B2), oligodendrocytes
(Fig. 5C2) and astrocytes (Fig. 5D2) also had Hsp70 protein stained, cytoplasmic inclusions
within the cells (Figs. 5A1-D3, arrows). Hsp70 positive inclusions were not observed following
5 and 10 minutes of ischemia and 24h reperfusion, but were observed following 2h ischemia
and 24h reperfusion.

2.3 Bushy and Polarized microglia and Glial Inclusions
Morphological criteria for classifying ramified (resting), hypertrophied and bushy microglia
were used in this study (Soltys et al., 2001; Ziaja et al., 1999; Davis et al., 1994). Ramified
microglia are characterized by small cell bodies with a large nucleus, minimal perinuclear
cytoplasm and highly branched, thin processes. Hypertrophied microglia have larger cell
bodies and thicker processes than resting microglial forms. Bushy microglia have numerous
but short and poorly ramified processes of different diameters forming thick bundles around
their enlarged cell bodies. Macrophages have large, round or oval cell bodies with no processes.
Cells were identified by a combination of morphology and immunostaining, including Hsp70
and OX42 (or Iba-1) stained hypertrophied microglia (Fig. 6A), Hsp70 and OX42 (or Iba-1)
stained bushy microglia (Fig. 6B) and Hsp70 and ED1 positive macrophages (Fig. 6C).

Changes of microglial morphology were apparent in cortex following 5, 10 and 120-minutes
of MCA ischemia. In sham animals, cortical microglial staining with Iba-1 showed regularly
spaced lightly stained ramified microglia (Fig. 6D). Following 5 min MCA ischemia and 24h
reperfusion, modest activation of some microglia occurred in the cortex (Fig. 6E) adjacent to
(above) areas of striatal microinfarction. Following 10min MCA ischemia some of the Iba-1
stained microglia in cortex, located adjacent to the striatal infarctions, became hypertrophied
at 24h (Fig. 6F). By 48h (Fig. 6G) and 72h of reperfusion (Fig. 6H) following 10 min MCA
ischemia the microglia in some areas of cortex adjacent to the striatal infarctions were activated
and polarized (rod-like), with the long axis of the cells oriented perpendicular to the cortex
(Fig. 6G, H). Some polarized microglia could be classified as monopolar or bipolar cells.
Monopolar microglia showed a long thin process directed towards the cortex following 10-
minute MCA ischemia and 24h reperfusion (Fig. 6F, arrows). At 48h after ischemia, both
monopolar and bipolar microglia were observed. Bipolar microglia were elongated and had a
longer process facing toward the cortex and a shorter process facing toward the microinfarct
(Fig. 6G, white arrow). Occasionally, the long and thin processes of two adjacent microglial
cells appeared to be aligned (Fig. 6G, green arrow). At 72h after ischemia, the aligned processes
were more obvious (Fig. 6H, green arrows) and occasionally three or more microglial cells
appeared to be aligned particularly following 2h of ischemia (Fig. 6I).

Following 120 min MCA ischemia there were areas of cortical infarction 24h later. Around
some of these cortical infarctions were Hsp70 stained microglia that had a “bushy” appearance
(Fig. 3). Adjacent to these Hsp70 stained microglia (Fig. 6J1) were some Hsp70 negative
microglia that had a “polarized” or rod-like appearance (Fig. 6J2, J3).

2.4 TUNEL and Cleaved, Activated Caspase-3 Stained Neurons
TUNEL stained cells were detected following 5 minutes, 10 minutes, and 2h of ischemia. Most
of the Hsp70 positive cells following 10 minutes of ischemia at 24h (Fig. 7A1, arrows) and
48h (Fig. 7B1, arrows) were TUNEL negative (Fig. 7A2, B2) when co-labeling was performed
(Fig. 7A3, B3). However, at 72h some Hsp70 positive cells (Fig. 7C1, arrows) were stained
with TUNEL (Fig. 7C2) when co-labeling was performed (Fig. 7C3). Apoptosis was confirmed
by double staining Hsp70 protein positive cells with an apoptosis marker, cleaved Caspase-3.
Some Hsp70 positive cells (Fig. 7D1) were stained with cleaved Caspase-3 (Fig. 7D2) when
double labeling was performed (Fig. 7D3) following 10 minutes of ischemia and 72h
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reperfusion (Fig. 7D) but not following 24 and 48h of reperfusion (not shown). Notably, some
Hsp70 stained glial inclusions (Fig. 7E1, arrow) stained for cleaved, activated Caspase-3 (Fig.
7E2, E3) even though the Hsp70 stained cell body was devoid of activated caspase –3 (Fig.
7E3). The TUNEL and activated caspase-3 stained cells were adjacent to areas of infarction
and within areas of Hsp70 immunostaining.

3. DISCUSSION
This study demonstrates several significant changes in brain following 5 and 10 minutes of
focal ischemia. Hsp70 protein is induced in neurons throughout the ischemic MCA territory
in many but not all animals following 5 and 10 minutes of focal ischemia that simulates TIAs
that occur in humans. Nine of thirty two animals with brief ischemia had microinfarcts detected
by loss of GFAP stained astrocytes, loss of NeuN neurons and Nissl staining. Other novel
findings in this study included infrequent Hsp70 protein positive inclusions in all glial subtypes;
and, activated Hsp70 stained microglia and activated Hsp70 negative microglia.

3.1 A Molecular Penumbra Defined by Hsp70 Protein Induction
Our results are consistent with previous studies showing that 10 minutes of focal ischemia
induced hsp70 mRNA throughout the MCA distribution (Soriano et al., 1995). The results also
support suggestions that the region of Hsp70 protein induction following focal ischemia
represents a molecular penumbra located outside of the infarction (Kinouchi et al., 1993a,b;
Sharp et al., 1999, 2000). The possibility that Hsp70 protein mapped the salvageable penumbra
has been supported by biochemical data that showed that infarction occurred in regions where
blood flow decreases were associated with decreased protein synthesis and decreased ATP,
whereas the penumbra was defined by decreased blood flow and decreased protein synthesis
but preserved ATP (Hata et al., 2000). Hsp70 protein induction was found to be co-incident
with the regions of decreased blood flow and decreased protein synthesis but retained ATP
levels; hence, expression of Hsp70 mRNA combined with Hsp70 protein expression also
defined the same penumbra (Hata et al., 2000; Kokubo et al., 2003).

Thus, based upon these previous studies we propose that the induction of Hsp70 protein in
neurons throughout the MCA distribution following 5 and 10 minutes of focal ischemia
represents the denatured protein penumbra (Hata et al., 2000; Sharp et al., 2000). The Hsp70
protein induction mainly in neurons in the MCA territory may occur because these are the cells
that are most vulnerable to ischemia (Kinouchi et al., 1993a,b). The maximal induction of
Hsp70 protein at 24h following ischemia is consistent with our previous studies (Gonzalez et
al., 1989; Kinouchi et al., 1993a,b). The maximal induction of Hsp70 protein at 10 minutes of
ischemia compared to 120 minutes of ischemia likely relates to the large hemispheric infarction
following the 120 minutes of ischemia with little or no Hsp70 protein synthesis in the core of
the infarction.

3.2 Hsp70 Protein, TUNEL, and cleaved Caspase-3 Positive Cells
Hsp70 protein protects against cerebral ischemia (Rajdev et al., 2000; Yenari et al., 2005;
Giffard et al., 2004). Though this protection may occur in part by refolding proteins (Tsuchiya
et al., 2003), there are indications that Hsp70 also protects brain cells by decreasing apoptosis
(Sun et al., 2006) potentially by binding AIF (apoptosis inducible factor) and procaspase-9/
APAF (Ran et al., 2004a; Matsumori et al., 2005), by decreasing necrosis (Giffard et al.,
2004), by decreasing protein aggregation (Giffard et al., 2004), and by decreasing inflammation
(Yenari et al., 2005; Ran et al., 2004b; Zheng et al., 2008). Whether Hsp70 protected cells in
the present study was not tested though Hsp70 protein positive neurons at 24h and 48h were
not TUNEL or activated caspase-3 positive. This is consistent with the idea that Hsp70 protein
protected the cells in which it was expressed. However, a number of Hsp70 protein positive
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neurons at 72h reperfusion were TUNEL and activated caspase-3 stained. It is possible that
the declining levels of Hsp70 protein at 72h reperfusion were not sufficient to protect these
neurons at these times.

3.3 Microinfarctions Following Brief Focal Ischemia
Our data are the first to show that durations of experimental focal ischemia equivalent to the
durations of symptoms observed in classical TIAs were associated with cell death in brain. The
data show that 5 or 10 minutes of brief focal ischemia followed by reperfusion caused
microinfarctions in brain of 28% of the animals. These small infarcts could be caused by
embolization produced at the time the suture occluded the MCA. These regions could also
represent areas of poor collaterals and watershed ischemia and infarction.

Previous clinical studies show that as many as a third of classical TIA patients eventually go
on to have ischemic strokes (Rothwell et al., 2006). A number of these classical TIA patients
may already have had microinfarcts before they have a clinically diagnosed stroke since as
many as 25-40% of TIA patients have DWI abnormalities on MRI brain scans (Nagura et al.,
2003; Rothwell et al., 2006). TIAs are under recognized, under reported and under treated
(Albers et al., 2002). With the recognition of DWI positive TIA patients, a new TIA definition
has been proposed: “a TIA is a brief episode of neurologic dysfunction caused by focal brain
or retinal ischemia, with clinical symptoms typically lasting less than one hour, and without
evidence of acute infarction” (Albers et al., 2002). Thus, in animals and as likely in humans,
it is probably important to distinguish subjects with brief focal ischemia with and without any
infarction.

It is notable that the 5 and 10 minutes of focal ischemia used here produce microinfarctions in
some animals, but do not produce any detectable cell death in most animals. This contrasts to
5 and 10 minute periods of global ischemia that do not produce infarction but instead produce
very reliable selective neuronal cell death of the CA1 pyramidal and dentate hilar neurons of
hippocampus (Vass et al., 1988; Ito et al., 1975; Kirino, 1982; Pulsinelli et al., 1982; Vass et
al., 1988; Gaspary et al., 1995; Harukuni and Bhardwaj, 2006; Tanaka et al., 2004). Though
large increases of lactate are thought to contribute to infarction following focal ischemia,
further study is needed.

3.4 Hsp70 Stained Intracellular Inclusions in Glia
An unexpected, previously unreported finding in brain ischemia was the presence of Hsp70
stained inclusions in some scattered glia around microinfarcts, including microglia, astrocytes
and oligodendrocytes. We postulate these inclusions represent denatured protein aggregates
associated with accumulation of Hsp70 protein in intracellular organelles like lysosomes or
vacuoles. Though 5 and 10 minute occlusions did not produce these inclusions with 24h of
reperfusion, longer durations of reperfusion and the longer duration 2 hour MCA occlusions
were associated with these inclusions. This suggests that the formation of the Hsp70 stained
glial inclusions may depend on both the severity and duration of cerebral ischemia.

Some of the Hsp70 stained inclusions also stained for activated, cleaved caspase-3. To explain
this, we postulate that the encapsulated denatured proteins induce Hsp70 protein and other
chaperones that then target the denatured proteins either for refolding or for proteolysis. If the
proteins are targeted for proteolysis, this could occur via activated caspase-3, the proteasome
and other pathways. The source of the denatured proteins in the glial inclusions could be
denatured proteins from within the cells where the inclusions form, or could be by phagocytosis
of extracellular denatured proteins from other injured cells. Notably, Hsp70 positive inclusions
were observed in glia and not neurons, perhaps suggesting different mechanisms of
sequestration of denatured proteins in glia versus neurons.
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Similar inclusions, often associated with heat shock proteins, have been described in various
degenerative neurological diseases including synucleinopathies (Parkinsons) and tauopathies,
some motor neuron diseases, and in some triplet repeat diseases (Cummings et al., 2001; Dou
et al., 2003; Shorter et al., 2004; Giffard et al., 2004; Chai et al., 1999; Satyal et al., 2000;
Thomas et al., 2006; Koyama et al., 2006; Klucken et al., 2004). These inclusions have been
interpreted to be denatured protein aggregates that induce heat shock proteins, and likely
represent a response of brain cells to segregate or compartmentalize cytotoxic denatured
proteins (Hinault et al., 2006; Sherman and Goldberg, 2001).

3.5 Two kinds of activated microglia - Hsp70 positive and negative
Another novel finding of this study relates to the two kinds of activated microglia following
focal ischemia: activated Hsp70 positive microglia and activated Hsp70 negative microglia.

Based on developmental and pathophysiological studies, several types of brain microglia have
been distinguished on morphological grounds. Ramified microglia, considered to be the typical
resting microglia, are characterized by small, round or oval cell bodies, a large nucleus, a small
volume of perinuclear cytoplasm, and highly branched, thin processes (Soltys et al., 2001).
Activated microglia may demonstrate several morphologies including hypertrophic (Ziaja et
al., 1999), bushy (Ziaja et al., 1999) or rod cell-shaped or polarized (Wierzba-Bobrowicz, et
al., 2002; Marín-Teva et al., 1998; Soltys et al., 2001; Ziaja et al., 1999; Gehrmann et al.,
1995a,b; Davis et al., 1994; Kreutzberg, 1996). In the present study, all these groups of activated
microglia were noted.

Hsp70 stained microglia associated with microinfarcts and at the margins of large infarctions
had a “bushy” appearance and corresponded to a number of descriptions of “activated”
microglia following ischemia and other types of injury (Streit, 2000; Zheng and Yenari,
2004; Nakamura, 2002). Activated Hsp70 stained “bushy” microglia at the margins of infarcts
are well described (Soriano et al., 1994). In this study we also describe activated Hsp70 negative
microglia, usually somewhat further from the infarction, with a “polarized” or rod-like
morphology.

The functions of the activated Hsp70 positive and activated Hsp70 negative microglia are
uncertain. Activated microglia have been suggested to provide a “molecular” index of the
“penumbra” (Lehrmann et al., 1997; Gehrmann et al., 1995a,b). Polarization of microglia has
been postulated to be a sign of migration (Marín-Teva et al., 1998). The short thick processes
are often at the leading edge whereas the long thin processed are often at the trailing edge of
the cell (Marín-Teva et al., 1998). Therefore, the activated, Hsp70 negative polarized microglia
may represent activated microglia that migrated in response to the infarctions. Activated Hsp70
stained “bushy” microglia might have phagocytosed dying or dead cells leading to the presence
of denatured proteins within the microglia that induce the Hsp70 protein. The Hsp70 stained
microglia could have also sustained ischemic injury which denatured proteins within the cell
and induced Hsp70 protein. These Hsp70 stained microglia might undergo apoptosis
themselves (Gehrmann et al., 1995b). Alternatively, the presence of Hsp70 protein in some
activated microglia might suppress inflammation by inhibiting the activation of the
inflammatory transcription factor, nuclear factor-κB (NF-κB) (Ran et al., 2004b; Zheng, et al.,
2008).

We have previously described dividing microglia in regions of ischemic brain where there was
no detectable cell injury or cell death (Liu et al., 2001). It would be interesting to determine if
BrdU labeled dividing microglia are associated with activated Hsp70 positive microglia and
or the activated Hsp70 negative microglia or both since selective ablation of dividing microglia
worsens focal ischemic injury in brain (Lalancette-Hebert et al., 2007).
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3.6 Technical Considerations
The variable Hsp70 induction following 5-10 minute focal ischemia could relate to different
degrees of ischemia from subject to subject that could be better controlled in the future by
monitoring cerebral blood flow. It could also relate to somewhat different susceptibility to
ischemic injury from animal to animal. In addition, the suture itself and various differences in
the tips of each suture might contribute to the variability of the microinfarcts. Though the
markers for the individual cell types are probably fairly specific there are exceptions. For
example, the microglial markers used here (OX42/CD11 and Iba-1) can also stain neutrophils
in the core of an infarction (Matsumoto et al., 2007). However the stained neutrophils are small
and are morphologically quite different from the process bearing microglial cells stained in
this study. ED1 likely stains macrophages and microglia and is not specific for either one.

4. Experimental Procedures
4.1 Animals

Sixty-six male Sprague-Dawley rats weighing 280-350 g (Charles River Labs, USA) were used
in this study. Eighteen were used for Western blot analysis, and forty-eight were used for all
other analyses. The University of California Animal Care Committee at Davis approved the
animal protocol in accordance with NIH guidelines.

4.2 Focal ischemia
Brief focal cerebral ischemia was produced by occluding the middle cerebral artery (MCA)
using the intraluminal suture technique (Longa et al., 1989; States et al., 1996). Briefly, rats
were anesthetized with 3% isoflurane and maintained on 1.5% isoflurane. The right common
carotid artery was exposed via a ventral midline incision. To occlude the MCA, a 3-0
monofilament nylon suture with the tip rounded by heat was inserted into the external carotid
artery (ECA) and advanced into the internal carotid artery approximately 20-23 mm beyond
the carotid bifurcation until mild resistance was felt. Rectal temperature was maintained at
36.5°C to 37.5°C with a heating blanket throughout the procedure.

Rats subjected to 5 minutes of focal ischemia were allowed to survive 24h (n=11). Rats
subjected to 10 minutes of focal ischemia were allowed to survive 24h (n=11), 48h (n=11) and
72h (n=11). Rats with 2h MCA occlusions were allowed to survive for 24h (n=11). Sham-
operated rats were subjected to the identical surgical protocol except that no suture was inserted
into ECA and allowed to survive for 24h (n=11). Three animals from each group were used
for Western blot analysis and eight animals from each group were used for all other analyses.

4.3 Tissue preparation
After a 24h, 48h or 72h period of reperfusion, forty eight rats were anesthetized with isoflurane
and perfused transcardially with 0.9% saline, followed by 4% paraformaldehyde in 0.01 M
phosphate buffered saline (PBS, pH 7.4). The brains were rapidly removed and immersed in
a fixative solution containing 4% paraformaldehyde in PBS. After 6 hours of post fixation, the
brains were placed in a 30% sucrose solution until they sank. Coronal sections 50μm thick
were cut in a cryostat (-20°C) and collected at 600 μm intervals through the entire MCA
distribution.

4.4 Immunohistochemistry
Brain sections were treated with 3% H2O2 in PBS for 20 minutes to quench endogenous
peroxidase activity. After blocking nonspecific sites with a buffer containing 2% horse serum,
0.2% Triton X-100, and 0.1% bovine serum albumin (BSA) in PBS, the sections were incubated
with a mouse monoclonal antibody against Hsp70 (1:200 dilution, BioVision, USA) overnight
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at 4°C. Secondary antibody was a biotinylated horse anti-mouse IgG (1:200 dilution, Vector
Labs, USA). The antibody complex was detected using ABC reagent and a substrate solution
of H2O2 and diaminobenzidine (DAB) according to the manufacturer’s instructions (Vector
Labs). Primary antibody was omitted to assess nonspecific staining.

4.5 Immunofluorescence
To perform double label staining, sections were incubated with a first set of primary and
secondary antibodies followed by a second set of primary and secondary antibodies. The first
sets of primary antibodies were directed against NeuN (neuronal nuclei), GFAP (astrocytes),
ED1 (macrophage), OX42 (microglia), Iba-1 (microglia), RIP (oligodendrocyte), or active
Caspase 3 (apoptosis). NeuN, GFAP, RIP (Chemicon, USA), ED1, OX42 (Serotec, UK), Iba-1
(Wako, Japan), and activated, cleaved Caspase 3 (Abcam, USA) were diluted at 1:1000,
1:1000, 1:20,000, 1:100, 1:200, 1:1000, and 1:100 respectively. The second primary antibody
was a rabbit anti-Hsp70 (1:2000 dilution, Stressgen, Canada) or a mouse anti Hsp70 (1:2000
dilution, BioVision, USA) depending on the species of the first set of primary antibodies. Goat
anti-mouse or goat anti-rabbit Alexa Fluor® 488 or 594 conjugated antibodies (Invitrogen,
USA) were used for secondary antibodies depending on the species of the primary antibody.

Hsp70 antibody was incubated with sections at 4°C overnight. All other antibodies were
incubated at room temperature (RT) for 2h. Slides were cover slipped with a medium containing
4,6-diamidino-2-phenylindole (DAPI, Vector Labs). Microscopy was conducted at excitation/
emmision wavelengths of 493/520 (for green fluorochrome Alexa 488) or 590/619 (for red
fluorochrome Alexa 594) nm or 358/463 nm (for blue fluorochrome DAPI).

4.6 TUNEL
A modification of the TUNEL technique described by Chen et al. (Chen et al., 1997) was used.
Brain sections were treated with 1% Triton X-100 for 30 minutes and pre-incubated in
equilibration buffer containing 0.1 M potassium cacodylate, 2 mM CoCl2, and 0.2 mM DTT
(Invitrogen) for 10 minutes at room temperature. They were then incubated in the TUNEL
reaction mixture containing 30 μM biotin-aha-dUTP (Invitrogen), 300 U/ml recombinant
terminal deoxynucleotidyl transferase (rTdT, Invitrogen), 0.1 M potassium cacodylate, 2 mM
CoCl2, and 0.2 mM DTT for 2 hours at 37°C. The biotinylated dUTP 3’-OH DNA end-label
was detected using the biotin-streptavidin-fluorescence (1:200 dilution, Invitrogen) method.
Sections immunostained for Hsp70 were double stained with TUNEL. Non-specific labeling
was assessed by omitting rTdT.

4.7 Infarction
Brain sections were stained with cresyl violet. Any large or small unstained, contiguous area
was considered an infarction. Infarction was confirmed microscopically by atrophic changes
in both neurons and glial cells or absence of both neurons and glial cells. Infarction was also
confirmed by the absence of NeuN stained neuronal nuclei and absence of GFAP stained
astrocytes in the same region of abnormal Nissl staining. Loss of GFAP staining was the most
sensitive marker for microinfarcts and showed a larger extent of cell damage than the other
two markers.

4.8 Western Blots Analysis
Eighteen animals with various durations of ischemia (sham, 5min, 10 min, and 2h) and various
durations of reperfusion (0h, 24h, 48h, and 72h) were euthanized. The cortex and basal ganglia
in the entire ischemic hemisphere were dissected and frozen at - 70°C. Frozen tissues were
homogenized in ice-cold immunoprecipitation buffer containing a complete protease inhibitor
mixture (Sigma). The homogenates were centrifuged at 14,000g for 30 min at 4°C, and the
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pellet was discarded. The protein in the supernatant was loaded (50 μg each) onto lanes and
separated on 12.5% SDS-polyacrylamide gels and transferred to nitrocellulose. The
membranes were probed overnight at 4°C with anti-Hsp70 (1:4000 dilution, Stressgen) or anti-
β-Actin (1:10,000 dilution, Santa Cruz) antibodies. Primary antibody was detected using
horseradish peroxidase-conjugated anti-rabbit or anti-mouse IgG (Bio-Rad). The signal was
detected using the ECL chemiluminescent detection system (PIERS Inc). Blots were imaged
on the Fluorchem 8900 system (Alpha Innotech), and the intensity of the bands was quantified
with NIH Image J software. β-Actin was used as a loading control. Band intensity was
expressed relative to the intensity of the band in the control samples.

4.9 Statistics
Data are given as Mean ± standard error of the mean. One-way ANOVA was performed with
a Student-Neuman-Keuls post hoc test. A p value of less than 0.05 was considered statistically
significant.
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Fig. 1.
Hsp70 immunostaining following very brief Middle Cerebral Artery Occlusions (MCAO). A,
B, C. Five minute MCAO followed by 24h reperfusion. Note Hsp70 immunostaining in cortex
and striatum. D, E, F. Ten minute MCAO followed by 24h reperfusion. G, H, I. Ten minute
MCAO followed by 48h reperfusion. J, K, L. Ten minute MCAO followed by 72h reperfusion.
M, N, O. Two hour MCAO followed by 24h reperfusion. P, Q, R. Sham-operated control.
Sham operated control cortex (Q) and control striatum (R) showed no staining. Following
MCAO neuronal and glial cells expressed Hsp70 protein in the cortex (B, E, H, K, and N) and
striatum (C, F, I, L, and O) following various durations of ischemia (5 minutes, 10 minutes
and 2 hours) and reperfusion (24h, 48h and 72h). Red bar=3 mm, black bar=25μm.
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Fig. 2.
Western Blot Analysis of Hsp70 protein in brains following 5 minute, 10 minute, or 2h MCAO.
β-actin served as a loading control. A. Hsp70 protein was induced following 5 minute, 10
minute, or 2h of focal ischemia. B. Relative Intensities (Y axis) of the Hsp70 protein bands
following 5 minute, 10 minute, and 120 minute MCAO at 24h after ischemia compared to
control. Note that the maximal induction of Hsp70 protein was following the 10 minute-MCAO
relative to control. C. Relative Intensities (Y axis) of the Hsp70 protein bands following 10-
minute MCAO after 0h, 24h, 48h, or 72h of reperfusion (X axis). Note that the maximal
induction of Hsp70 protein was at 24h after 10 minute-MCAO. n=3 in all groups. *p<0.05;
*** p<0.001.
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Fig. 3.
(A-F) NeuN, GFAP and Nissl stained microinfarcts (A-F) in dorsal lateral striatum following
10 minute MCAO and 72h reperfusion. (A) Normal NeuN stained neuronal nuclei of non-
ischemic striatum contralateral to the MCAO. (B) NeuN stained neuronal nuclei of ischemic
striatum ipsilateral to the MCAO are completely absent. (C) Normal GFAP stained astrocytes
in the non-ischemic striatum contralateral to the MCAO. Note stained astrocytes throughout
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the normal dorsal lateral striatum. (D) Absent GFAP stained astrocytes in the striatum in the
microinfarct ipsilateral to the MCAO. (E) Nissl staining of non-ischemic dorsal lateral striatum
contralateral to the MCAO showing Nissl stained neurons and glia interspersed with relatively
cell free normal white matter tracts. (F) Nissl staining of ischemic dorsal lateral striatum
showing a microinfarct with disintegration and atrophic changes of cells ipsilateral to the 10
minute MCAO following 72h of reperfusion.
(G-H) Hsp70 stained cells surrounding a microinfarct in cortex following 2h of MCAO and
24h reperfusion. G. Hsp70-positive microglia (yellow arrows) encircled the microinfarct.
Hsp70 stained macrophages (red arrows) were located within infarct. Hsp70 stained neurons
(blue arrows) were located outside the infarct. H. In regions of Hsp70 stained microglia (yellow
arrows) were rare Hsp70 stained cells that were negative for all glial stains used (black arrows).
Yellow arrows – microglia; Red arrows- macrophages; Blue arrows – neurons; Black arrows
- unidentified cells. Microglia were identified using OX42 double labeling, macrophages were
identified using ED1 double labeling, and neurons were identified using NeuN double labeling
(not shown). Bar=25μm.
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Fig. 4.
Double-label immunostaining of neurons (A3, B3) for Hsp70 (A1, B1) and NeuN (A2, B2).
A. A ten minute MCAO followed by 24h reperfusion (A1,A2,A3) shows Hsp70 stained protein
(A1, A3) was localized mainly to cytoplasm of NeuN positive (A2, A3) neurons (blue arrows).
B. Two hour MCAO followed by 24h reperfusion shows Hsp70 stained protein (B1, B3) was
localized to cytoplasm and occasionally to nuclei of NeuN positive (B2, B3) neurons (blue
arrows). Bar=25μm.
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Fig. 5.
Hsp70 co-localizes with glial cells and macrophages following 10-minute MCAO and 48h
reperfusion. A. OX42 stained microglia (A2) that co-localized with Hsp70 (A1, A3) were
located at the margins of the microinfarcts following brief focal ischemia. B. ED1 positive
macrophages (B2) that co-localized with Hsp70 (B1, B3) were most often located in the core
of the microinfarcts. C. RIP stained oligodendrocytes (C2) rarely stained for Hsp70 (C1, C3)
and were located adjacent to microinfarcts. D. Only occasional GFAP stained astrocytes (D2)
were Hsp70 positive (D1,D3) at the margins of the microinfarcts. Hsp70 positive inclusions
(A1, B1, C1, D1, arrows) were occasionally observed in OX42 stained microglia (A2, A3),
ED1 stained macrophages (B2, B3), RIP stained oligodendrocytes (C2, C3) and GFAP stained
astrocytes (D2, D3). Microglia - yellow arrows; Macrophages - red arrows; Astrocytes - orange
arrows; Oligodendrocytes - white arrows. Bar=25μm.
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Fig. 6.
Activated Hsp70 positive microglia and activated Hsp70 negative microglia following MCAO.
A. Co-localization of Hsp70 protein and OX42 in a hypertrophied microglia. B. Co-localization
of Hsp70 protein and OX42 in a bushy microglia. C. Co-localization of Hsp70 protein and
ED1 in the Macrophages. D. Ramified microglia stained with Iba-1 were regularly spaced and
not activated in cortex of sham animals. E and F. Iba-1 positive microglia became activated
following 5 minute or 10 minute MCAO and 24h reperfusion. Microglia were enlarged slightly
following 5 minute MCAO (E) and sometimes much more so following 10 minute MCAO (F).
The largest processes for many of the microglia (yellow arrows) were perpendicular to the
surface of the cortex (F). G, H, and I. Microglia in the cortex (Iba-1 positive) around an infarct
became activated and polarized (oriented perpendicular to the surface of the cortex) following
10 minute MCAO and 48h reperfusion (G), 10 minute MCAO and 72h reperfusion (H) and
120 minute MCAO and 24h reperfusion (I). A number of the microglia sometimes appeared
to be aligned (H, green arrows; I, yellow arrows). Bipolar microglia had a shorter process facing
the microinfarct and a longer process facing the cortex (G, white arrow). J. Hsp70 stained cells
(J1) intermingled with Iba1 stained microglia (J2) following 120 minute MCAO and 24 h
reperfusion. These Hsp70 stained cells (J1) were surrounded by enlarged, polarized, and Hsp70
negative microglia (J3, merged figure, yellow arrows). Bar=25μm.
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Fig. 7.
Double staining for Hsp70 and TUNEL or cleaved Caspase-3 following 10 minute MCAO and
24h reperfusion (A), 48h reperfusion (B), or 72h reperfusion (C, D, E). Note that most of the
Hsp70 stained cells (A1, B1, arrows) at 24h and 48h were TUNEL negative (A2, A3, B2, B3,
arrows). In contrast, some of the Hsp70 stained cells (C1, arrows) at 72h were TUNEL positive
(C2, C3, arrows). Some Hsp70 positive cells (D1) and inclusions (E1, arrow) were colocalized
with cleaved Caspase-3 (D2, D3, E2, E3) following 72h reperfusion. Bar=25μm.
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