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In order to investigate a possible effect of insulin-like growth factor-1 (IGF-1) on ischemic brain
injury, IGF-1 was applied topically on the brain surface of reperfused rat brain after 60 min of
transient middle cerebral artery occlusion. In contrast to the cases treated with vehicle, the infarct
volume was greatly reduced at 24 h of reperfusion by the treatment with IGF-1. Immunohisto-
chemical analysis in the middle cerebral artery territory showed that Caspase-3 staining was
markedly reduced in the cases with IGF-1 treatment, but 72-kDa heat shock protein staining
remained almost unchanged. The present results suggest that treatment with IGF-1 exerts a
significant effect on ameliorating brain injury after transient focal brain ischemia. Moreover, this
effect is greatly associated with the reduction of Caspase-3 staining, but is only minimally associated

with a decreasd stress response at the cellular level.
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I nsulin-like growth factor-1 (IGF-1), a single-chain

polypeptide structurally similar to insulin, is
known to mediate many cellular and molecular effects and
is considered a member of the class of growth factors.
IGF-1 plays important roles not only in the proliferation
of granule cell progenitors in vitro [1, 2], but also in the
survival and recovery of central and peripheral nervous
systems from various injuries in wvivo [3-8]. Many
studies showed that central administration of IGF-1 to
adult rats reduced both the neuronal loss and the incidence
of cortical infarct after experimental hypoxic ischemia [4]
and transient cerebral ischemia [6, 9]. These studies
demonstrate the action of IGF-1 in inhibiting apoptotic,
hypoglycemic, or cycloheximide-induced cell death. How-
ever, the primary mechanism whereby IGF-1 acts to
promote neuronal rescue after hypoxic or ischemic brain
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injury remains incompletely understood.

Most effects of IGF-1 are mediated by the IGEF-I
receptor (IGF-1R), a heterotetramer that has tyrosine
kinase activity and phosphorylates insulin receptor sub-
strates (IRS-1 and 2), which leads to the activation of 2
downstream signaling cascades: the mitogen-activated
protein kinase (MAPK) and the phosphatidylinositol-3
kinase (P3K) cascade [10, 11]. Recent data suggest that
the activated IGF-I/IGF-IR system displays anti-
apoptotic properties in various cell types by stimulating
distinet intracellular signaling pathways [11, 12]. Bind-
ing of IGF-I to its tyrosine kinase receptor (IGF-IR)
leads to receptor dimerization and autophosphorylation,
and initiates a cascade of cellular signal transduction
events which activate the P3K and MAPK pathways [13,
14]. The protective effects of activated IGF-1/IGF-1R
against cell death have been understood for several years,
particularly those of the central nervous system [15, 16].
The protection from apoptosis by the IGF-1/IGF-1R
system mainly depends on the regulation of the main
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elements in the apoptotic cascade. In this context, the
IGF-1/IGF-1R mediated inhibition of Caspase-3 appears
to be crucial [17]. Caspase-3 plays a key role in the
apoptotic process as the main effector of enzymatic
cleavage. Apoptotic process is controlled by certain other
proteins, such as the pro-apoptotic Bax and anti-apoptotic
Bel-2 proteins [18]. Caspase-3 initiates certain biochemi-
cal and morphological characteristics of programmed cell
death. The IGF-1/IGF-1R system is indirectly able to
inhibit Caspase-3 activity by P3k-mediated signalling,
activation of Bel-2 and inhibition of Bax in vitro [9, 19].
On the other hand, 72-kDa heat shock protein (HSP72)
is a well-known molecular chaperone and a marker of
injury that is induced under stressful conditions such as
ischemia; induction has been shown to decrease in the
presence of cell protective agent [20, 21]. Thus, a
possible reduction of ischemic brain injury by treatment
with IGF-1 was examined in relation to a possible
modification of immunoreactivity for Caspase-3 and
HSP72 by a topical application after transient focal
cerebral ischemia in rats.

Materials and Methods

Adult male Wistar rats weighing 250-280 g were used
for the experiments. They were anesthetized with an
intraperitoneal injection of pentobarbital (40 mg/kg), and
positioned in a stereotaxic operating apparatus. A burr
hole with a diameter of 2 mm was carefully made in the
skull using an electric dental drill to avoid traumatic brain
injury. The location of the burr hole was 3 mm dorsal and
5mm lateral to the right from the bregma, which is
located in the upper portion of the middle cerebral artery
(MCA) territory. The dura mater was preserved at this
time. The animals were allowed to recover in an ambient
atmosphere (21 to 24 °C).

Approximately 24 h after the drilling, the rats were
anesthetized by inhalation of a nitrous oxide/oxyten/
halothane (69% :30% :1%) mixture; a face mask was
used for the surgical preparation. After stopping the
inhalation of anesthetics, the origin of the right MCA was
occluded by an insertion of 4-0 surgical nylon thread with
silicone coating through the common carotid artery,
performed as described in our previously reports [22,
23]. Body temperature was monitored with a rectal
probe, and was maintained at 37 °1-0.3 °C using a heating
pad during the surgical procedure for MCA occlusion
(MCAO). After 60 min of MCAO, the cerebral blood
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flow (CBF) was restored by a removal of the nylon
thread. Immediately after the restoration of CBF, a part
of the dura mater was carefully removed (diameter: 2
mm) through the drilling hole. A small piece (8 mm?®) of
gelfoam (Upjohn, Kalamazoo, IL, USA) presoaked in 9
1 of normal saline or IGF-1 (20 xg in 9 1 of saline) was
placed in contact with the surface of the cerebral cortex,
as described in our previous reports [20, 22]. The
gelfoam was buried in the skull bone. The surface of the
skull bone was then covered with a vinyl tape, and the
scalp was sewed. It is reported that application of growth
factor in gelfoam is as effective as direct infusion [24].
The above operations were performed in a sterile environ-
ment. Sham-operated control animals underwent burr
hole surgery, exposure of the common carotid artery
without MCAOQO, and placement of gelfoam presoaked in
vehicle. The animals recovered at an ambient temperature
(21-24 °C) until sampling. Blood samples (90 1) were
collected before and after MCAQO from the ventral tail
artery for measurement of PO,, PCO,, and pH (blood
gas analyzer model ABL300, Radiometer). The rectal
temperature was measured before and after MCAQO. The
regional CBF of the left frontoparietal cortex region was
measured before and after MCA occlusion through the
burr hole using a laser blood flowmeter (Flo-Cl, Omeg-
awave). The experiment protocol and procedures were
approved by the Animal Committee of the Okayama
University School of Medicine, Japan.

In order to investigate the possible effect of IGF-1 on
infarct size after transient MCAO, rats were decapitated
under deep anesthesia, and the rat forebrains were
removed and divided into 6 coronal (2 mm thickness)
sections at 24 h after reperfusion with vehicle or IGF-1
treatment (n = 9 for each group). The coronal sections
were stained with saline contaming 2% 2, 3, 5-
triphenyltetrazolium chloride (TTC) at 37 °C for 30 min,
after fixation in 10% neutralized formalin. The infarct
area of each section was calculated using NIH Image
software, version 1.62a, and then infarct areas on each
slice were summed and multiplied by slice thickness to
give the infarct volume.

To examine the possible effects of IGF-1 on Caspase-
3 and HSP72 staining, the rat forebrains were removed
and quickly frozen at 24 h of reperfusion with vehicle or
IGF-1 treatment (n = 3 for each group). Coronal sections
at the caudate and dorsal hippocampal levels were cut on
a cryostat at —20°C with 10 ym thickness. Sham
control sections (n = 2) were also obtained. Immunohis-
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tochemical analysis for Caspase-3 and HSP72 was per-
formed according to previous reports [20, 23]. In brief,
the sections were fixed in ice-cold acetone for 10 min and
air-dried, followed by a rinse in phosphate-buffered saline.
After blocking with 10% normal rabbit or horse serum
for Caspase-3 or HSP72 staining, respectively, the slices
were incubated with primary antibodies and 0.3% Triton
X-100 for about 16 h at 4°C. The primary antibodies
used and each dilution were as follows: goat polyclonal
antibody against Caspase-3 (CPP32 P20, 1.-18) (sc-
1225, Santa Cruz Biotechnology Inc., CA, USA) at 1:
100, and mouse monoclonal antibody against HSP72
(RPN1197, clone C92, Amersham, London, UK) at 1:
400. The slides were washed and then incubated for 3 h
with the biotinylated anti-goat IgG (PK-6105, Vector
Laboratories) for Caspase-3, or anti-mouse IgG (PK-
6102, Vector Laboratories), at 1:200 dilution in PBS.
Subsequently, the slides were incubated with avidin-
biotin-horseradish peroxidase complex for 30 min, and
then were developed with diaminobenzidine. The reaction
was stopped by washing the slides in distilled water.
The sections were examined by light microscope, and
the number of positively stained cells in the MCA bound-
ary area was counted as our previous report [22]. The
staining was then categorized into 5 grades: no staining,
a few cells (2-10 or so), or a small (20-50), moderate
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(50-200), or a large (200-500 or more) number of
stained cells; respective categorizations were assigned as
follows: (—), (¢), (+), (2+), and (3+).

All data are expressed as means + SD. Statistical
analyses were performed using the 2-talled unpaired
Student’s ¢-Test.

Results

The body weight, blood gas, and rectal temperature
were comparable in the vehicle-treated and IGEF-1-treated
group. Physiological parameters are shown in Table 1.
There was also no significant difference in the regional
CBF between the 2 groups before and after MCA
occlusion or restoration (Table 2).

The infarct area of 3 coronal sections (6, 8, and 10
mm caudal from the frontal pole) from the IGF-1-treated
group were significantly smaller than those of the vehicle
group (Table 3). The infarct volume of the vehicle and
IGF-1-treated group at 24 h of reperfusion after 60 min
transient MCAQO were 225.4 = 59.5 mm® (mean & SD,
n=9)and 139.7 £ 482 mm® (n = 9; P = 0.004 against
the vehicle group), respectively (Table 3). Application of
IGF-1 produced a significant reduction in infarct volume.

Immunoreactivity for Caspase-3 was not detectably
present in the sham control brain sections (Fig. la).

Table | Physiological parameters in MCA occluded rats
Vehicle group IGF-1 group
Pre-MCAO Post-MCAQO Pre-MCAO Post-MCAO

Body weight (g)’ 266.6 = 8.6 269.1 = 74
Blood gas: pH 7.45+ 0.02 7.50 +0.01 7.45+ 0.03 7.40+ 0.0l

PO2 (mmHg) 119.0 =139 1146 +9.6 121.8 +15.4 1182 =119

PCO2 (mmHg) 389 = 39 3713 4.7 416 + 3.9 433 + 57
Rectal temperature (°C) 3.7 = 0.1 369 +02 36.8 = 0. 369 + 0.2

Data is expressed mean + SD.

Table 2  Changes of regional CBF of both IGF- and vehicle-treated groups during MCA occlusion and restoration
Regional CBF
Pre-MCAO Post-MCAQO Pre-restoration Post-restoration
Vehicle group 100 188+ 5.8 159+ 4.0 92.4 +83
IGF-1 group 100 169+ 14.3 15939 920+ 7.1

The data is compared to that of initial CBF, and is presented as the percentage of mean + SD.
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Table 3  infarct areas of 5 coronal sections and infarct volume at  Table 4  Number of immunopositive neurons for Caspase-3 and
24 h of reperfusion after 60 min of transient MCAQ HSP72 with or without IGF-1 treatment after transient MCA occlusion
Vehicle IGF-1 Animal Caspase-3 HSP72
Infarct area (mm?) Sham control | — -
Section | 144+ 65 86+ 56 2 — —
Section 2 388+ 56 294+ 87* Vehicle group | + 2
Section 3 365+ 6.3 22.1 = 5.2** 2 + +
Section 4 17.1 = 8.3 83L 56* 3 2+ +
Section 5 58+ 7.8 1.4+ 3.0 IGF-1 group | + +
2 — +
Infarct volume (mm?) 225.4 +59.5 139.7 + 48.2** 3 n +

Data are expressed as mean + SD (n = 9 in vehicle group and IGF-|
group). *P < 0.05 and **P < 0.0l against the vehicle group. The
distance of 5 coronal sections were 4, 6, 8, 10, and 12 mm caudal
from frontal pole, respectively.

However, it became markedly present in the neuronal
cytoplasm of the cerebral cortex, especially in the inner
boundary zone of the occluded MCA territory (Fig. 1b,
at left) in the vehicle group, while it was only slightly
present in the IGF-1-treated group. The number of
positive cells was markedly reduced in the IGF-1 treated
cases. Caspase-3 staining was negative in the brain sec-
tions of the ischemic dorsal caudate in both the vehicle and
IGF-1-treated group (data not shown).

As regards HSP72, this protein was not recognized
in the neurons of the cerebral cortex (Fig. 1d) nor in the
dorsal caudate in the sham control brain. However,
heavy staining was seen in the ischemic cerebral cortex of
vehicle group at 24 h after CBF restoration (Fig. le). In
brain sections of the IGF-1-treated group, immuno-
reactivity of HSP72 was minimally reduced in the is-
chemic cerebral cortex (Fig. 1f). Although the number of
positive cells was slightly reduced in this group, the
dense stained neurons were few in number, in contrast to
vehicle group. HSP72 staining was also negative in the
brain sections of the ischemic dorsal caudate in both
groups. The grades of immunoreactivity for Caspase-3
and HSP72 are summarized in Table 4.

Discussion

The present results show that topical application of
IGF-1 significantly reduced the infarction volume of the
MCA region after induction of transient focal brain is-
chemia. The protective effect of IGF-1 was greatly

The staining was categorized into the following 5 grades: no staining,
a very small number of cells (2-10 or so), few cells (20-50),
moderate number of (50-200), or a large (200-500 or more) number
of stained cells; the respective categories are designated as (—),
(£), (+), (2+), and (3+). Sham control group, n=2; Vehicle
and IGF-1 group, n=3.

associated with a reduction of Caspase-3 staining.
Apoptotic neurons were localized primarily in the inner
boundary zone of the infarct, whereas necrotic cells were
mainly distributed in the ischemic core after transient focal
ischemia was induced in rats [25, 26]. Caspases, which
play a large role in the process of apoptotic cell death,
were induced and mainly located in the ischemic penum-
bra, suggesting that the expansion of neuronal cell dam-
age in this area may occur primarily by an apoptostic
mechanism. In this transient MCAO model, less than1h
of ischemic period produces only reversible neuronal
damage, though 3h of ischemia produces secondary
damage to the anterior cerebral artery-perfused area, a
finding which is in accordance with previous reports from
our laboratory [12]. Immunoreactivity for Caspase-3
was markedly reduced in brain sections in the IGF-1
treated group in contrast to the vehicle treated group.
Thus, the great reduction of infarct volume accompanied
by that of Caspase-3 staining in the IGF-1 treatment
group suggests that the protective effects of IGF-1 could
be due to on the amelioration of the apoptotic mechanisms
of neuronal death through inhibiting the Caspase-3 activ-
ity.

It is of note that the amelioration of ischemic brain
injury by IGF-1 was greatly associated with a reduction in
Caspase-3 staining, but was minimally associated with the
stress response of the cell. In the CNS, HSP72 is
induced by various injuries, and the degree of the stress
is proportional with the induction of HSP72 [21].
Although, in the present study, immunoreactivity for
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HSP72

Representative photomicrographs of immunohistochemistry for Caspase-3 (a-c) and HSP72 (d-f). Note that no neurons are positive

for Caspase-3 (a) or for HSP72 (d) in the cerebral cortex in the brain sections from controls. Many neurons were positive for Caspase-3 in
the inner boundary zones of the occluded MCA territory in the vehicle group (b, left portion of figure); only a few cells were positive for
Caspase-3 in the IGF-1-treated group (c, left part). However, the immunoreativity for HSP72 was only slightly reduced in the neurons of the
ischemic cerebral cortex in the IGF-I treated group (f), in contrast to that of vehicle group (e). Scale Bars: 50 um.

HSP72 was slightly reduced in the IGF-1-treated group,
the dense stained neurons were not numerous (Fig. 1f) in
contrast to the vehicle group (Fig. le). Because HSP72
in the cytosol migrates into the nucleus during severe
stresses and prevents protein malfolding in the nucleus
[27], the marked reduction of immunoreactive HSP72 in

the nuclei may also support the reduction of ischemic
damage by IGF-1 application. In addition, HSP72 pro-
tein protected neuronal cells from thermal stress but not
from programmed cell death [28]. A previous report
suggested that subpopulations of neuronal cells stained
with TUNEL or HSP72 immunohistochemistry were
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essentially different, and that only 5% to 7% of the cells
were overlapping [29]. This phenomenon was also found
in the present study.
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