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Abstract
We investigated the effect of the heat shock protein inducer geldanamycin on the development of
secondary brain injury after ICH in mice. The effect of the drug at two different concentrations
was evaluated at two time points: 24 and 72 h after ICH induction. In the first part of this study, a
total of 30 male CD-1 mice were randomly divided into four groups: one sham group and three
ICH groups. ICH animals received either an intraperitoneal injection of vehicle or geldanamycin
(1 or 10 mg/kg). Neurological deficits and brain water content were evaluated 24 h after ICH. In
the second part of this study, the effect of a high concentration of geldanamycin was evaluated 72
h after ICH. Neurological deficits were evaluated by the Garcia neuroscoring, wire hanging and
beam balance tests. For estimation of brain water content, the “wet/dry weight” method was used.
We demonstrated that administration of geldanamycin (10 mg/kg) ameliorated ICH-induced
increase of brain water content significantly in both parts of the study. Geldanamycin improved
the neurological outcome according to performance on Garcia and beam balance tests in the 72 h
part of this study. Geldanamycin-induced induction of heat shock protein after ICH has a
neuroprotective effect and may be a therapeutic target for ICH.
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Introduction
Intracerebral hemorrhage (ICH) is a devastating clinical event with greater than 40% initial
mortality, leaving many of the survivors permanently disabled. Currently, there is neither an
effective therapy to increase survival after intracerebral hemorrhage nor a treatment to
improve the quality of life of survivors [1]. There are biphasic effects of intracerebral
hemorrhage upon brain tissue. Initial injury is in response to the expanding hematoma
imposing sheer forces and mass effect upon the cerebral tissues [2]. Intracerebral bleeding
leads to increased intracranial pressures and could lead to transtentorial herniation secondary
to the mass effect [3]. A later phase involves hematoma-induced neuronal and glial
apoptotic cell death at the surrounding parenchymal rim [4], inflammation and progressive
rupture of the blood-brain-barrier, and rising brain edema [5]. Geldanamycin belongs to the
family of ansamycin antibiotics. Biochemical and structural studies have demonstrated that
geldanamycin binds specifically to the ATP pocket of the constitutively induced heat shock
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protein (HSP) 90 and inhibits its chaperone activity and its ability to bind to target proteins
[6]. HSP 90 affects multiple signal transduction pathways [7] and has been shown to
regulate more than 100 proteins involved in cellular signaling [7]. HSP 90 is a negative
regulator of heat shock factor 1 (HSF 1). The binding between HSP 90 and geldanamycin
makes HSP 90 unable to associate with HSF 1 [8]. The free HSF 1 initiates production of
other HSPs, specifically HSP 70 [9]. A neuroprotective effect of geldanamycin-induced
HSP70 upregulation was demonstrated previously [10, 11]. To date, no study has assessed
the effects of geldanamycin on the outcomes of intracerebral hemorrhage. In the present
study we aimed to investigate if post-treatment with the HSP modulator geldanamycin will
result in decreased brain edema and improvement in neurological outcomes

Methods
Experimental animals

All procedures and methods for these studies were approved by the Animal Care and Use
Committee at Loma Linda University and complied with the Guide for the Care and Use of
Laboratory Animals (http://research.llu.edu/forms/appendixb.doc). A total of 30 male CD-1
mice were divided into four groups: sham, ICH treated with vehicle, ICH treated with low-
dose geldanamycin (1 mg/kg), and ICH treated with high-dose geldanamycin (10 mg/kg).
Geldanamycin was dissolved in 2.5% of DMSO and administered intraperitoneally 1 h after
ICH induction. Animals were tested for neurological function and euthanized for brain
edema measurements at 24 and 72 h after ICH.

Intracerebral hemorrhage induction
We adopted the collagenase-induced intracerebral hemorrhage model as previously
described in mice [12]. Briefly, mice were anesthetized with ketamine (100 mg/kg) and
xylazine (10 mg/kg, intraperitoneal injection) and positioned prone in a stereotaxic head
frame (Stoelting, Wood Dale, IL). An electronic thermostat-controlled warming blanket was
used to maintain the core temperature at 37°C. The calvarium was exposed by a midline
scalp incision from the nasion to the superior nuchal line, and the skin was retracted
laterally. With a variable speed drill (Fine Scientific Tools, Foster City, CA) a 1.0-mm burr
hole was made 0.9 mm posterior to bregma and 1.45 mm to the right of the midline. A 26-
gauge needle on a Hamilton syringe was inserted with stereotaxic guidance 4.0 mm into the
right deep cortex/basal ganglia at a rate 1 mm/ min. The collagenase (0.075 units in 0.5 μL
saline, VII-S; Sigma, St Louis, MO) in the syringe was infused into the brain at a rate of
0.25 μL/min over 2 min with an infusion pump (Stoelting, Wood Dale, IL). The needle was
left in place for an additional 10 min after injection to prevent the possible leakage of
collagenase solution. After removal of the needle, the incision was closed, and the mice
were allowed to recover. A sham operation was performed with needle insertion only.

Brain water content
The brain water content was measured as previously described [12]. Briefly, mice were
euthanized under deep anesthesia. Brains were removed immediately and divided into five
parts: ipsilateral and contralateral basal ganglia, ipsilateral and contralateral cortex, and
cerebellum. The cerebellum was used as an internal control for brain water content. Tissue
samples were weighed on an electronic analytical balance (model AE 100; Mettler
Instrument Co., Columbus, OH) to the nearest 0.1 mg to obtain the wet weight. The tissue
was then dried at 100°C for 24 h to determine the dry weight. Brain water content (%) was
calculated as [(wet weight – dry weight)/wet weight] × 100.
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Neurological deficits
Neurological scores were assessed by an independent researcher blinded to the procedure 24
and 72 h after ICH using a modification of scoring (21 points) (maximum 3 = healthy
animal) [13]. In addition, beam balance and wire hang tests were performed.

Statistical analysis
Quantitative data are expressed as the mean ± SEM. Statistical significance was verified by
analysis of variance (ANOVA; Bonferroni test) for analysis of acute effect (24 h) and by
ANOVA (Tukey test) for analysis of delayed effect (72 h). P < 0.05 was considered
statistically significant.

Results
Geldanamycin reduced brain edema

In the 24-h study, collagenase injection caused a significant rise in brain water content in the
ipsilateral basal ganglia of all ICH animals (p < 0.001, ANOVA, Bonferroni test). The high
dose of geldanamycin treatment significantly reduced brain edema in the ipsilateral basal
ganglia when compared with the vehicle-treated and low-dose-treated ICH groups (p <
0.001, ANOVA, Bonferroni test). Low-dose geldanamycin did not reduce brain water
content (Fig. 1a). In the 72-h study, we observed that injection of collagenase caused an
increase of brain water content in both basal ganglias and in the ipsilateral cortex. High-dose
geldanamycin treatment reduced brain water content significantly (p < 0.001, ANOVA,
Bonferroni test) (Fig. 1b).

High-dose geldanamycin reduced neurological deficits at 72 h after ICH
Neurological deficits were present in all animals after collagenase injection. Neither the low
dose nor high dose of geldanamycin led to any improvement of neurological function when
compared with the vehicle-treated intracerebral hemorrhage group at 24 after ICH (Fig. 2a).
In the 72-h study, high-dose geldanamycin treatment significantly reduced neurological
deficits that were indicated by improvements in the Garcia test (*p < 0.05, ANOVA, Dunn’s
method) and wire hanging test (*p < 0.05 ANOVA, Bonferroni t-test) (Fig. 2b). Beam
balance test results tended to improve after high-dose geldanamycin treatment; however, this
change did not reach statistical significance (p = 0.072).

Discussion
Our study demonstrated that (1) geldanamycin at a dose of 10 mg/kg significantly reduced
brain edema at 24 and 72 h after ICH; (2) geldanamycin at a dose of 10 mg/kg significantly
improved neurological function at 72 h after ICH; (3) geldanamycin at a dose of 1 mg/kg did
not produce a significant effect on ICH-induced brain edema and neurological deficits.

The neuroprotective effect of geldanamycin has been demonstrated in several in vitro and in
vivo models of neuronal injury. It has been shown that administration of geldanamycin after
middle cerebral artery occlusion in rats reduced infarct volume and brain swelling, and
significantly improved the neurological function [10, 11]. In an animal model of
hemorrhage, intraperitoneal administration of geldanamycin 16 h before hemorrhage
preserved energy loss by amelioration of hemorrhage-induced ATP breakdown [14].
Moreover, geldanamycin pre-treatment affects caspase-3 activity in the brain in an animal
model of hemorrhage [15]. The mechanism of geldanamycin-induced neuroprotection
appears to be due to its ability to affect HSP 70 [9]. HSP 70 is an inducible form of heat
shock protein. It is the major inducible stress protein and has long been thought to contribute
to cell survival following potentially lethal stresses. The neuroprotective effect of HSP 70
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upregulation has been described in several models of brain injury [16]. Transgenic animals
overexpressing HSP 70 have fewer apoptotic cells compared with wild-type animals after
permanent focal ischemia [17]. Similar results were demonstrated by Matsumori et al. by
studying the activation of mitochondrial apoptotic pathways in mice overexpressing HSP 70
in a model of neonatal hypoxia-ischemia. They showed that high constitutive expression of
HSP 70 protects the brain from hypoxia-ischemia in the neonatal period and affects the
apoptotic pathways [18].

This study provides the first evidence that geldanamycin treatment protects the brain against
intracerebral hemorrhage. Geldanamycin decreases brain water content in acute (24 h after
ICH induction) and delayed (72 h after ICH induction) phases. Moreover, the administration
of geldanamycin improved the neurological deficit in the delayed phase.
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Fig. 1.
(a) The 24-h study: Brain edema detected in ipsilateral basal ganglia was significantly
higher among ICH groups when compared with sham-operated animals (#p < 0.001 vs.
sham, ANOVA). Geldanamycin (10 mg/kg) reduced the brain water content of ipsilaterally
basal ganglia significantly (*p < 0.001 vs. vehicle, ANOVA). A low concentration of drug
remains ineffective. (b) The 72-h study: Brain edema spread into other brain compartment
of vehicle-treated mice compared with sham-operated animals (#p < 0.001 vs. sham,
ANOVA). Geldanamycin (10 mg/kg) reduced brain water content significantly (*p < 0.001
vs. vehicle, ANOVA)
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Fig 2.
Neurological function tests. In the 24-h study (a), significant neurological deficits were
observed in all animals receiving collagenase (*p < 0.05, vs. sham). However, no
differences were observed between vehicle- and geldanamycin-treated groups. The data of
wire hanging and beam balance tests are represented as the average of three trials per
animal. (b) In the 72-h study, a high concentration of geldanamycin leads to significant
improvement of the neurological deficit according to performance on Garcia and wire
hanging tests. Tendency to improvement in the beam balance test remains insignificant (NS
p = 0.072)
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