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Abstract Intracerebral hemorrhage (ICH) is a devastating
and relatively common disease affecting as many as 50,000
people annually in the United States alone. ICH remains
associated with poor outcome, and approximately 40-50%
of afflicted patients will die within 30 days. In reports
from the NIH and AHA, the importance of developing
clinically relevant models of ICH that will extend our
understanding of the pathophysiology of the disease and
target new therapeutic approaches was emphasized. Tradi-
tionally, preclinical ICH research has most commonly
utilized two paradigms: clostridial collagenase-induced
hemorrhage and autologous blood injection. In this article,
the use of various species is examined in the context of the
different model types for ICH, and a mechanistic approach
is considered in evaluating the numerous breakthroughs in
our current fund of knowledge. Each of the model types has
its inherent strengths and weaknesses and has the potential
to further our understanding of the pathophysiology and
treatment of ICH. In particular, transgenic rodent models
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may be helpful in addressing genetic influences on recovery
from ICH.
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Introduction

Intracerebral hemorrhage (ICH) is a devastating and rela-
tively common disease affecting as many as 50,000 people
annually in the United States alone. ICH remains associ-
ated with poor outcome, and approximately 40-50% of
afflicted patients will die within 30 days. Unfortunately,
little improvement has been made in the mortality rate over
the last 20 years [1]. To address this issue, the National
Institutes of Health issued a priorities report in 2005 [2],
and the American Heart Association released a recent set of
clinical guidelines for the first time in nearly a decade [3].
In these reports, the importance of developing clinically
relevant models of ICH that will extend our understanding
of the pathophysiology of the disease and target new
therapeutic approaches was emphasized.

Traditionally, preclinical ICH research has most com-
monly utilized two paradigms: clostridial collagenase-
induced hemorrhage and autologous blood injection. Aside
from these established methods, there exist a few other
models that are less frequently employed, including
hypertensive dog and rat models and a murine amyloid
angiopathy model. While a model for amyloid angiopathy
represents a distinctly separate mechanism for intracerebral
hemorrhage, the hypertensive animal models are arguably
the most clinically relevant in nature; however, they pro-
vide the poorest experimental design due to the immense
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degree of variability in hemorrhage size and extent of
injury. A different approach has been to subject the brain to
direct arterial pressures to create a hematoma. In this
method, an artery, usually femoral, is cannulated with the
opposite end stereotactically placed into the brain. Blood is
then allowed to infuse at arterial pressures for a specified
period of time resulting in a modestly well-controlled
parenchymal hemorrhage. Assuming that human intrace-
rebral hemorrhage is due to arterial rupture and not
microvascular injury, the advantage of this method is that it
directly mimics the human condition. However, the pro-
cedure is somewhat difficult to perform and control
rendering the model inconsistent. Ultimately, when evalu-
ating the relative advantages and liabilities of each model,
it is important to keep in mind the objective of the
experimental question. For instance, large animal models
may be useful for addressing questions of cerebral physi-
ology following ICH, whereas transgenic rodent models
may be particularly useful in furthering our understanding
of the molecular mechanisms associated with post-hemor-
rhage brain injury. In particular, transgenic rodent models
may be helpful in addressing genetic influences on recov-
ery from ICH, such as has been observed with the APOE
polymorphism [4]. Each of the model types has its inherent
strengths and weaknesses and has the potential to further
our understanding of the pathophysiology and treatment of
ICH (Table 1).

Collagenase-induced ICH Model

Injection of clostridial collagenase into brain parenchyma
is a common method of inducing a reproducible basal
ganglia hemorrhage. Introduced in the early 1990s by
Rosenberg et al. [5], the model is thought to closely rep-
resent spontaneous ICH in humans. Collagenases are
proteolytic intracellular enzymes that catalyze the hydro-
lysis of collagen. As collagen is a fundamental component
of the basal lamina of the blood-brain barrier, collagenase
injection results in the dissolution of extracellular matrix
around cerebral capillaries and results in ‘spontaneous’

Table 1 Basic model types

Type Collagenase injection Blood injection
Ease of use +++ ++
Reproducibility ++ ++

Control of hemorrhage size ++ +++

Blood reflux - +

Simulates human disease ++ -
Simplicity ++ ++
Use in multiple species ++ ++

hemorrhage at the injection site. The advantages of this
model are its simplicity and consistency, dose-dependent
hemorrhage size, and ease of adaptation to multiple spe-
cies, including pig, mouse, and rat [5]. Unfortunately,
bacterial collagenase by itself can elicit an inflammatory
response that is more intense than that observed in blood
infusion models [6]. Whether the human inflammatory
response is similar to either the blood injection or colla-
genase-induced models is debatable and unanswerable at
present. However, it has been shown in vitro that colla-
genase alone does not result in apoptosis that is seen
in vivo with ICH [7]. The collagenase model demonstrates
its clinical relevance by conceptually integrating small
vessel breakdown to produce hemorrhage and allows a
controllable amount of variability in hemorrhage size.
Additionally, it may imitate the ‘bleeding-rebleeding’
phenomenon seen in the human condition. Overall, the
collagenase model mimics the human disease in several
distinct features, is straightforward to establish, allows for
rapid accumulation of data with the opportunity to evaluate
transgenic effects, but probably has some inflammatory
effects that may be unrelated to hematoma (Fig. 1).

Autologous Blood Injection Model

Injection of whole blood into various brain regions is
another common method for modeling ICH in the labora-
tory. Blood injection has been available since the mid-
1980s and has been used in a variety of species. In the
anesthetized animal, a needle is stereotactically inserted
into a specified area of the brain; and a precise volume of
autologous whole blood is infused over a specified time,
thereby producing a consistent hemorrhage volume. The
obvious disadvantage to this technique is that it does not
emulate small vessel rupture, which is thought to be the

Fig. 1 Hematoxyllin and Eosin stain of intracerebral hemorrhage
after collagenase injection into a mouse basal ganglia
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etiology of the vast majority of spontaneous intracranial
hemorrhages in humans. Additionally, there may be prob-
lems with ‘back flow’ of blood along the needle track and
ventricular rupture [8]. Blood “reflux” has been largely
resolved by the development of a ‘double injection’ tech-
nique by Deissberger et al. [9], whereby a small amount of
blood is infused and allowed to clot along the needle track
with subsequent infusion of the remainder of the blood
volume. Blood injection allows for clinically relevant
comparisons in that the mechanistic effects examined are
strictly related to the presence of blood within parenchymal
brain tissue; however, there is no opportunity to evaluate
rebleeding or the effects of microvascular breakdown. As
with the collagenase model, autologous blood injection is
also a relatively simple procedure that can be rapidly
applied to all animal species and allows for transgenic
applications (Fig. 2).

Species
Primate

Though clearly an excellent animal in which to study
translational mechanisms and one of the first to be char-
acterized in ICH, primates are complex to house and are
often prohibitively expensive, and accordingly there is a
relative paucity of ICH research in this species. Primate
models lend themselves to examination of cerebral physi-
ology, and published reports have evaluated the effect of
blood pressure manipulation on cerebral blood flow (CBF).
CBF was globally reduced for 1 h after ICH induction and
most reduced at the periphery of the hematoma with blood
flow below ischemic threshold, leading to the theory of
perihematomal ischemic penumbra [10]. Additionally,

Fig. 2 Fresh mouse brain 6 h after collagenase injection into left
basal ganglia

cerebral vasodilation after ICH resulted in increased
hematoma size while vasoconstriction resulted in increased
ischemia and cerebral infarction [11]. Despite the potential
for readily translatable experimental results, further
research is likely to be limited in primates due to expense
and increasing regulatory oversight.

Feline

Though suitable for neurophysiologic study, there are few
recent ICH investigations employing a cat model, possibly
due to their companion status and availability of other
equally useful animal models. All reported studies used
autologous blood infusion and have addressed the rela-
tionship between intracranial pressure (ICP), hematoma
formation, and blood flow. The first study found location
and size of hemorrhage determined ICP elevation and
functional outcome [12], while others have suggested a
correlation between elevated ICP and decreased CBF after
ICH [13]. It is unlikely that feline models will become
more prevalent due to availability of other more useful and
more commonly employed species.

Canine

As one of the original ICH models, the dog is well suited to
physiological and surgical study; however, it is also con-
sidered a companion animal and remains expensive to use.
There exist two models in the dog: a hypertensive model in
which iatrogenic systemic hypertension results in sponta-
neous hemorrhage, and an autologous blood injection
model. Early dog studies defined lethal volumes and
locations for hematomas [14], the existence of an ischemic
penumbra [15], assessed the use of sonography [6, 16], and
investigated cerebrospinal fluid changes, which pre-date
the use of microdialysis catheters [17, 18]. More recently,
the dog model has been used for investigating imaging
techniques, brain physiology, surgical interventions, and
therapeutic interventions. From imaging studies involving
the dog model, three distinct stages of ICH have been
identified (acute, subacute, and chronic) based on correla-
tive histological and radiological criteria [15].
Furthermore, Weingarten et al. [19] evaluated different
magnetic resonance imaging (MRI) sequences to distin-
guish venous, arterial, and intraventricular blood signals.
Dog models are also useful in the study of cerebral phys-
iology and have been used to assess the effects of anemia
on cerebral hemodynamics [20] and the changes in cellular
microenvironments after [CH [21]. With the development
of minimally invasive surgical techniques, the dog has also
been used to evaluate the safety of stereotactic hematoma
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aspiration [22]. Finally, Qureshi et al. [23] have preformed
several therapeutic studies in the dog model. Initially, they
demonstrated that pharmacologic reduction of mean arte-
rial pressure after ICH with labetolol did not result in
decreased regional blood flow or deleterious ICP effects, a
result that has been translated to humans [24]. In a separate
study, this group found that hypertonic saline had an equal
and more sustained effect than mannitol in controlling
elevated ICP in global [25] and regional [26] measure-
ments after ICH, which is similar to findings in other
human brain injury states [27]. It appears that the dog
model, despite its companion status and expense, will
continue to be used at least occasionally for ongoing
physiology and surgical research.

Porcine

At present, porcine models have largely replaced ICH
canine models for evaluation of surgical and physiological
interventions in large animals. The abundance of white
matter in the porcine model makes it particularly relevant,
as it is similar to the proportion of white-to-gray matter
found in humans. The swine model has been utilized to
evaluate changes in somatosensory evoked potential chan-
ges after ICH [28], and more recent publications have
focused on ICH effects on cortical excitability at anatomic
locations distal to the hematoma with or without corpus
callosum transection [29-31]. With the publication of the
Surgical Treatment of ICH (STICH) trial results [32],
enthusiasm for surgical treatment has waned, although
technological advancements in clot extraction have gener-
ated multiple endeavors using the porcine model to evaluate
surgical clot removal augmented with tissue plasminogen
activator (t-PA) at both hyperacute (less than 6 h) [33] and
long-term (10 days) [34] time points. Although delayed clot
extraction may be associated with inflammatory responses
and secondary neuronal injury, this may be ameliorated
with the addition of N-methyl-p-aspartate (NMDA) recep-
tor antagonists [35]. Additionally, with the advent of new
intraparenchymal brain monitors, the pig has been
employed to evaluate the value of brain tissue oxygen
partial pressure monitoring [36]. Finally, the porcine model
has been useful in evaluating causes of and intervention on
perihematomal edema [37]. Investigations have focused on
the role of plasma protein accumulation [38] and the rela-
tive effects of red cell or plasma infusion into deep
hemispheric white matter [39] with the finding that sec-
ondary inflammation requires both blood components.
Investigators have recently demonstrated the effects of
profound local hypothermia on perihematomal edema and
interleukin expression [40], as well as the palliative effects
of heme-oxygenase inhibitors [41, 42]. The porcine model

appears to hold promise for future use to mimic human
neurophysiology and pioneer new surgical techniques.

Lapine

The rabbit is one of the larger small-animal models, which
makes it more practical in studying surgical techniques and
physiologic responses to acute brain injury than its smaller
rodent counterparts. Rabbits are easily housed, relatively
inexpensive when compared to larger animals, and do not
present the companion status of the cat or dog. Using
autologous blood injection, the model was originally
developed in the early 1980s by Kaufman et al. [43] to
determine lethal clot volumes and appropriate analysis of
edema. Since then the rabbit model has been used to
examine imaging techniques, surgical innovations, and the
pathophysiology of secondary injury. In this model, MRI
has been used to study hyperacute (less than 6 h) [44] and
longer-term (10 days) [45] changes after ICH. Of the sur-
gical techniques evaluated, the rabbit model has been
especially useful in evaluating minimally invasive clot
removal. For example, one study demonstrated the efficacy
and safety of urokinase in clot lysis up to 24 h after injury
[46]. These observations have been repeated using t-PA,
which is clinically available [47]. With the advent of
microdialysis catheters the rabbit was used to analyze the
cellular microenvironment with respect to glutamate and
other amino acids [48]. The autologous blood injection
model has been incorporated into the rabbit species to
quantify intact, reversibly injured, and necrotic cells up to
24 h after injury [49] and to clarify the interaction of
astrocytes and microglia in the initiation the iron storage
and hemosiderin formation [50]. Furthermore Koeppen et
al. [51] used the rabbit to determine the effects of heme-
oxygenase-1 on ferritin biosynthesis and subsequent sec-
ondary injury. A novel study examined post-injury ileus as a
marker of DRG degeneration after ICH [52]. The role of
volatile anesthetics has also been studied in the rabbit, and a
recent study investigated the hemodynamic and ICP effects
of sevoflurane after hemorrhage [53]. Thus, although its use
to study genomic effects is limited, there is good potential
for the continued utilization of the rabbit model to study
physiology and procedural interventions when large animal
models are either unavailable or disadvantageous.

Murine

Due to cost-effectiveness and availability of transgenic
systems, rats, and increasingly mice, have gained popu-
larity for ICH research in recent years. Both autologous
blood and collagenase injection have been established, with
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the basal ganglia being the most common site of injury,
although other areas have been described. One of the dis-
advantages of these animals is the relative paucity of white
matter when compared to pigs, dogs, or primates, as most
of the rodent brain consists of cortex or deep gray matter
structures (i.e., basal ganglia). At present, transgenic Sys-
tems exist primarily in the mouse, making this the optimal
model for studying genomic effects on ICH and secondary
mechanisms of injury. The use of rodent models began in
the mid-1980s with the evaluation of mass effect, ICP, and
CBF. The first model described involved cannulation of the
femoral artery with stereotactic placement of ICH under
direct arterial pressures [54]. Follow-up studies utilized
stereotactic placed balloons [55] and showed a positive
correlation between ICP and hematoma volume and neg-
ative correlation with blood flow [56]. The first use of
autologous blood injection was reported by Nath et al.
[57], who explored hemodynamic and ICP changes after
hemorrhage. Subsequent studies in the rat have evaluated
the roles of thrombin [58], complement [59, 60], oxidative
stress [61, 62], apoptosis [7, 63], and pro-inflammatory
cascades [64, 65] in the generation of secondary injury
(Table 2).

Table 2 Advantages and disadvantages of different animal species

Species  Advantages Disadvantages

Primate Closely related to humans Expense

Physiology studies Regulatory oversight

Surgical technique development Large animal housing

Feline  Physiology studies Companion status
Neurophysiology studies Lack of historical use

Canine  Long history of use Companion status
Physiology studies Expense
Surgical technique development Large animal housing
Spontaneous hypertensive model

Porcine Physiology studies Expense
Surgical studies Large animal housing
Neurophysiology studies
Abundant white matter

Lapine Largest small animal model Lack of historical use
Inexpensive Lack of transgenic

systems

Easily housed

Murine  Abundant use Inappropriate for

surgical study
Available transgenic systems Difficult physiological
study

Inexpensive Small brains

Easily housed Paucity of white matter

Mechanisms of Injury

Whereas neuronal injury associated with ICH was initially
considered a relatively static insult caused by the mass
effect of the intracranial blood clot and subsequent devel-
opment of ischemic penumbra, during the last decade
preclinical models have provided a wealth of information
regarding the mechanisms of secondary injury involved in
ICH. These data suggest the evolution of a more dynamic
evolution of the destructive processes, which consequently
may represent therapeutic targets. Currently the term
‘neurohemoinflammation’ has been coined to describe the
initial inflammatory effects after the brain is exposed to
blood components. Though ultimately inflammatory
mechanisms seem to converge into final common pathways
of cellular impairment, ‘neurohemoinflammation’ is an apt
descriptive term for the reactions that occur specifically
after hemorrhage. The current preclinical models have
provided a strong case for a vigorous inflammatory
response to ICH including cytokine release, microglial and
astrocytic activation, pro-inflammatory cascades, and
apoptosis.

Inflammation

Pro-inflammatory cytokines produce damaging enzymatic
cascades, and there is substantial evidence from animal
models that CNS inflammatory responses play a significant
role in the self-propagating mechanisms of secondary
injury after ICH [64]. Nuclear factor kappaB (NF-xB) is a
transcription factor that translocates to the nucleus within
hours of ICH, and is associated with the upregulation of a
number of inflammatory and apoptotic genes, including
interleukin 1-beta (IL-1f) and tumor necrosis factor-alpha
(TNF-o) [38]. This inflammatory cascade is amplified by
the fact that IL-1/ and TNF-« are also potent activators of
NF-kB [66]. Depending on the animal model used, cyto-
kines are appreciably increased as early as 2 h after
hemorrhage. In the autologous blood [60] and collagenase-
induced [67] rodent ICH models, TNF-« was increased at 2
and 4 h, respectively.

The inflammatory cascade may serve as a target for
therapeutic intervention, and a recent review demonstrates
some of the possible target sites [68]. For example, there is
evidence that inhibition of cytokine expression can
decrease post-hemorrhagic edema and secondary neuronal
injury. After autologous blood injection, rats virally
transfected with an IL-1f receptor antagonist gene devel-
oped less edema than controls [69, 70]. Infusion of TNF-«
antisense oligodeoxynucleotide into the injured cerebral
hemisphere decreased both edema and neurological deficit
after collagenase-induced hemorrhage in the rat [67]. Heat
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shock proteins (HSP) have been reported to reduce cell
injury and inflammation. Using a collagenase-induced ICH
rat model, Sinn et al. [71] reduced the levels of several
inflammatory markers, including matrix metalloprotein-
ases, interleukins, and macrophage inhibitory protein by
pharmacologically inducing HSP70 expression. Finally,
pharmacologic activation of peroxisome proliferator acti-
vated receptor-y (PPAR-y), a nuclear hormone receptor,
suppressed NF-xB activation and improved neurological
outcome in a mouse ICH model [72]. Further work should
focus on the extent to which cytokines contribute to long-
term neurocognitive injuries and whether targeted therapy
can ameliorate acute secondary injury mechanisms or
improve chronic cognitive deficits.

Microglial Activation and Astrogliosis

Microglial activation is a cornerstone of the neuroinflam-
matory response, and facilitates a variety of adaptive
responses, including phagocytosis of necrotic cells,
recruitment of hematogenous leukocytes, and astroglial
activation. After experimental ICH, deliberate manipula-
tion to decrease microglial recruitment results in retained
hematoma and increased numbers of necrotic cells [73].
There is also some evidence that microglia may attempt to
rescue dying cells after hemorrhage by producing trophic
factors such as brain-derived neurotrophic factor [74].
However, one of the primary functions of activated
microglia appears to be the initial clearing of heme deg-
radation products [51], and their reactivity is probably
affected by a number of factors including endogenous t-PA
[73] and plasma components [39, 50].

Although many of these microglial functions are adap-
tive, it is probable that excessive microglial activation
exacerbates CNS inflammation and oxidative stress, and
may contribute to secondary injury after ICH. As a con-
sequence of the increased number and activity, microglia
have been linked to increased reactive oxygen species [75],
cytokines [76], iron metabolism [77], complement [78],
and proteases [65, 79] in multiple mechanisms of brain
injury. In ICH, activated microglia exist in tissue adjacent
to the hematoma within an hour of autologous blood
infusion. Subsequently, activated microglia increased in
number up to 7 days after injury, with subsequent reduc-
tion in numbers over several weeks [50, 74, 80-82].

Inhibition of microglial activation with minocycline, an
inhibitor of matrix metalloproteinases, in a collagenase-
induced rat ICH model produced neurobehavioral
improvement [83], but did not decrease neuronal loss [84].
Furthermore, tuftsin fragment 1-3, a potent microglial
inhibitory factor, improved both neurological severity
scores and hemorrhage size after collagenase-induced ICH

in mice [73]. Atorvastatin, an HMG-CoA reductase
inhibitor, decreased microglial accumulation and improved
functional outcomes but did not affect hemorrhage size
[85]. Finally, two experiments demonstrated that adminis-
tration of the volatile anesthetic sevoflurane decreased [86]
while propofol infusion increased [87] microglial activa-
tion after autologous blood injection in the rat. Thus,
pharmacological interventions that affect microglial func-
tion may ultimately become an important therapeutic
target. Although the increase in activated microglia is
temporally associated with tissue destruction, it is probable
that microglia serve an adaptive function as well, and
separating out the beneficial from the destructive effects
remains a challenge for rational pharmaceutical design.

Astrocyte activation occurs in concert with microglial
activation, although the role of astrocyte function in ICH
has not been studied as extensively. Several studies found
an initial loss of astroglia followed by increased infiltration
in the perihematomal area, specifically in pericapillary
tissue, using both glial fibrillary acidic protein and
vimentin as markers [50, 70, 88]. This response seems to
require, or at least be magnified by, some as yet undefined
plasma protein(s) given that the injection of whole blood
causes more glial activation than injection of erythrocytes
alone [50]. Of the remaining studies evaluating astroglial
induction and proliferation, one revealed that clot extrac-
tion did not reduce astroglial activation after collagenase
administration in rats [89], and the other, though of unclear
significance, demonstrated uncontrolled astroglial prolif-
eration in a single animal following embryonic stem cell
transplantation after ICH in the rat [90].

Matrix Metalloproteinases

Matrix metalloproteinases (MMPs) are a family of zinc-
dependent endopeptidases that degrade the extracellular
matrix and are known to be elevated, and their inhibitors
depleted, after multiple types of brain injury, including
ICH [91]. Their role in brain injury is complex and likely
includes interaction with microglia, apoptosis, disruption
of the blood-brain barrier, and thrombin generation [79].
Of the 23 known mammalian MMPs, four have been
studied in detail: MMP-2, -3, -9, and -12. MMP-12 has
been shown to be the most elevated and is associated with
poor outcome in murine ICH [92]. MMP-2 and -3 have
been found to increase in tissue adjacent to the hematoma
after collagenase-induced hemorrhage [93]. However,
MMP-9 is currently the most thoroughly studied MMP in
the setting of ICH [29, 71, 91, 93-96]. MMP-9 is increased
early in ICH, and its presence can be found from 48 h to
7 days in both cerebral hemispheres [29] Additionally,
deletion of the gene for MMP-9 resulted in upregulation of
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MMP-2 and -3, which was associated with worse edema,
hemorrhage and neurologic deficit [93]. The association of
a genetic deficiency of MMP-9 with MMP-2 and -3 is
unclear, as is the explanation of poorer clinical outcomes
with the absence of MMP-9. Interestingly, MMP-9 has
been correlated with microhemorrhages in aged mice, and
its production is stimulated by amyloid-beta peptide over
expression in a murine model of cerebral amyloid angi-
opathy [94]. The collagenase rat model has been used to
demonstrate increases in MMP-2 and MMP-9 greater than
16 h after ICH induction, and the suggestion that MMPs
contribute to secondary edema was corroborated by the
finding that addition of BB-1101, a non-selective MMP
inhibitor, diminished edema [91, 97]. Further evidence that
MMP inhibitors might serve a therapeutic role was sug-
gested by the reduction in oxidative stress associated with
GM6001, an inhibitor of MMP-9 function [95]. Inhibition
of MMP-12 may also be one mechanism by which
administration of minocycline improves neurological
severity scores and reduces perihematomal cellular loss
[83]. Thus, although MMPs may serve as potential thera-
peutic targets, the exact role of this family of proteases
remains to be defined in ICH.

Apoptosis

Numerous investigators have demonstrated that apoptosis
occurs adjacent to the ICH lesion, as evidenced by the
increase in terminal deoxynucleotidyl transferase mediated
dUtp nick end label (TUNEL)-positive cells [67, 81]. In
preclinical models, apoptosis begins approximately 24 h
after lesioning with predominant involvement of neurons
and glia [7], a finding that has been replicated in humans
[63]. Although intracellular pathways associated with
apoptosis are complex, attention has focused on the role of
caspase activation. Following autologous blood injection,
caspase activation, is localized to perihematomal cells
undergoing apoptosis [98]. Injection of zZVADfmk, a non-
selective caspase inhibitor, into the cerebral ventricular
system reduced TUNEL-positive cell density after colla-
genase-induced ICH in rats [7]. Heat shock protein (HSP)
70 has also been implicated in apoptotic pathways as early
as 24 h after experimental ICH [99]. Finally, caspase
activity and apoptosis peaks at 24 h, and is less evident at
72 h following autologous blood injection in the rat [100].

However, apoptosis is likely related to multiple path-
ways of ICH-induced cell injury, as evidenced by the
finding that memantine, an NMDA antagonist, reduces
apoptosis, but also decreases microglial recruitment, bcl-2
upregulation, and caspase-3, t-PA, and MMP-9 expression
[96]. Consistent with this, when memantine was adminis-
tered with celecoxib, a selective cycloxgenase-2 inhibitor,

apoptosis was further reduced [101]. Apoptosis has been
associated with other inflammatory pathways and markers
including TNF-a [67], MMPs [83], interleukins, microglial
inhibitory protein-1 [71], NF-xf8 [72], and other caspases
[102]. The relationship between these markers and apop-
totic pathways remains to be defined.

The association between apoptosis and secondary injury
after ICH needs to be translated and tested in humans to
determine whether pharmacologic intervention against
delayed cell death is a viable clinical strategy. In a rat
collagenase model, FK-506 decreased apoptosis at 2 days
but did not ultimately decrease neuronal loss at 9 weeks
[103]. Involvement of TNF-« is supported by the reduction
in apoptosis and TNF-a with the use of the A2A specific
receptor agonist CGS 2160 in the rat collagenase model
[104]. NF-xf has been implicated in several studies,
including use of 15-deoxy-d (12,14)-prostaglandin J2 (15d-
PGJ2) to increase PPARy and reduce apoptosis and NF-
K f(activation [72]. However, complexity of this interaction
is suggested by tauroursodeoxycholic acid (TUDCA), an
endogenous bile acid, activating the Akt-1 protein kinase
B-u survival pathway and modulating Bcl-2 expression and
NF-xf activity presumably to reduce apoptosis [105]. Not
only did the use of erythropoietin (EPO) in a rat collage-
nase model reduce apoptosis but also microglial activation,
mRNA levels of TNF-o, Fas and Fas-L, as well as the
activities of caspase-8, -9, and -3 [102].

Complement

Complement activation is a component of the humoral
immune response and is likely important in the pathogen-
esis of many neurological disorders. It may be particularly
important in the development of post-hemorrhagic edema
in ICH due to complement-induced hemoglobin release by
erythrolysis. It is also likely that complement activation is
involved in cytokine production [106]. There is ample
evidence that complement activation plays a role in the
response to ICH. Hua et al. [59] demonstrated a perihe-
matomal increase in C9, which is important in the
generation of the membrane attack complex. Treatment
with N-acetylheparin, to inhibit complement activation,
decreased perihematomal edema. Treating rats with cobra
venom factor after ICH induction replicated the association
between complement activation and edema formation [60].
Another venom defibrase, DF-521 batroxobin, reduced
ICAM-1 expression and C3 & C9 brain content up to 72 h
after ICH in the rat [107]. Other investigators demonstrated
that ICH increases CR3 expression, a complement recep-
tor, which is expressed by activated microglia [50, 80].
CR3-deficient mice had less edema at 3 days and improved
neurobehavioral outcomes after autologous blood injection
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[108]. Contrary to these findings, Nakamura et al. [109]
found greater perihematomal edema formation in C5 defi-
cient mice after autologous blood injection compared with
wild type cohorts.

The interplay between different complement factors,
receptors, and activators is complicated. However, the
majority of evidence suggests a role for complement acti-
vation in the formation of edema after experimental ICH
making this a potential target for intervention to prevent
secondary injury.

Oxidative Stress

Reactive oxygen species (ROS) contribute to secondary
injury in ICH. Extracellular iron created from hemoglobi-
nolysis generates ROS and subsequent pathological
processes [110]. In cell culture models of neuronal injury,
the free radical scavenger, U83836E, significantly reduced
hemoglobin-induced neuronal death, providing evidence
that modulating hemoglobin breakdown may ameliorate
oxidative stress in animals [62]. In experimental ICH
models protein carbonyl formation is increased in both the
pig and rat. In the porcine model, protein carbonyl was
detected within minutes after autologous blood injection
[39]. In the rat there were associated reductions in super-
oxide dismutase (SOD) activity, increased DNA
fragmentation, and increased heme-oxygenase-1 (HO-1)
expression [111]. C3-deficient mice demonstrated less HO-
1 expression at 3 days after ICH, possibly linking comple-
ment pathways with ROS production [108]. In other
transgenic systems, inducing hemorrhage in NADPH KO
mice resulted in less edema, improved neurologic function,
and decreased mortality [112]. HO-2 KO mice displayed
attenuated neuronal injury after whole blood injection
[113]. In the rat, treatment with the antioxidants dim-
ethylthiourea or alpha-phenyl-N-tert-butyl nitrone (PBN),
reduced neurological dysfunction after collagenase-induced
hemorrhage [114] as did the chelating agent deferoxamine
[109]. Oxidative stress has been implicated in the mecha-
nisms of endothelial injury that occur in the hypertensive
rat, which has implications in the etiology of primary ICH
formation [115]. Thus, therapeutic strategies targeting iron-
generated ROS may be a fruitful area for further research
and translation into human studies [116, 117].

Genetic Influences

The importance of genetic influences on modifying out-
come after ICH is only beginning to be fully appreciated.
The availability of transgenic murine systems has made
this the species of choice in to study genetic influences in

ICH. One of the first rodent models of hemorrhage due to
amyloid angiopathy was developed in a transgenic mouse
that overexpressed amyloid precursor protein [118]. Often,
the deletion of genes associated with inflammation may
provide unexpected results, emphasizing the complexity of
inflammatory pathways. For example, following collage-
nase injection, C5 deficient mice have increased brain
edema 3 days after ICH [119]. This finding was similar
after deletion of the MMP-9 gene with resultant worsening
of neuroseverity scores [93], although MMP-12 deficiency
resulted in improved functional outcomes [92]. The t-PA
deficient mouse has been used to evaluate the role of
endogenous fibrinolytics with findings that it may assist in
hemorrhage clearance and contribute to functional recov-
ery [73]. However, Thiex et al. [120] examined the effects
of ICH in t-PA deficient mice to determine the role of
exogenous t-PA administration in brain edema formation.
Their findings suggest that endogenous t-PA is of limited
importance in the face of an immense edema-promoting
effect of exogenous t-PA. Finally, the role of oxidative
stress was assessed in a gp91 phox (a subunit of the
NADPH oxidase enzyme) KO mice subjected to collage-
nase-induced ICH. As expected, mice unable to express
NADPH oxidase demonstrated less edema, mortality, and
ICH volume supporting the contention that ROS are
important in ICH evolution [112].

One of the more intriguing clinical observations made in
recent years is the suggestion that APOE polymorphism
may influence clinical outcomes after ICH. The three
common human protein isoforms of apoE, designated
apoE2, apoE3, and apoE4, are encoded on human chro-
mosome 19, and differ by single amino acid interchanges at
residues 112 and 158: E3 (Cys112 Argl58); E4 (Argll2
Argl58); E2 (Cysll12 Cys158) [121]. Several clinical
studies have implicated the APOE4 polymorphism with
increased mortality and poor functional outcome following
ICH [4, 122]. The availability of targeted replacement
APOE animals has allowed for the exploration of these
isoform-specific effects in acute injury models [123]. These
experiments have demonstrated the importance of apoE in
modifying brain inflammatory responses after injury [124,
125], which is a finding that is likely germane to ICH.
Moreover, these observations have suggested that admin-
istration of apoE-mimetic therapeutics reduce secondary
neuronal injury and, thereby, improve functional outcomes
following acute brain injury [126—128] and may be trans-
latable to human ICH.

Imaging Techniques

The use of computerized tomographic (CT) scanning rev-
olutionized the management of acute brain injury, and the
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rise of magnetic resonance imaging (MRI) has provided
even more detailed imaging. Both modalities have con-
tinued to evolve over the years to include a variety of
techniques including angiography, venography, and per-
fusion sequences. These multimodal imaging techniques
continue to play an increasingly important role in pre-
clinical modeling of ICH. The -earliest publication
evaluated the use of MRI pulse sequences in comparison to
CT and gross sectioning of dog brains over the week fol-
lowing ICH induction finding gradient-echo MR images as
useful as CT in delineating hemorrhage [19]. Additionally,
MRI sequencing was employed in the collagenase-induced
ICH rat model over 3 weeks following hemorrhage for-
mation and found good correlation with edema, neutrophil
and macrophage infiltration, and selective cellular death
[129]. With the refinement of imaging technology, this
model was also used with MRI diffusion mapping to refute
the concept of perihematomal ischemia (ischemic penum-
bra) [130]. Finally, the MRI was validated in the acute
(under 6 h) [44] and hyperacute (30 min) phases of ICH
with histological hemorrhage size in an autologous blood
injection rabbit model [45]. Several projects have
employed imaging as an outcome measure for therapeutic
interventions including the calcium channel antagonist le-
vemopamil [131], a variety of antioxidants [61, 114], the
anti-inflammatory fuicodan [132], a neurotrophic factor

Fig. 3 Evolution of
parenchymal hematoma in
ApoE4 mouse. T2-weighted
RARE spin echo images at 2 h
show predominantly low signal
hematoma within the right basal
ganglia, consistent with
deoxyhemoglobin and
intracellular methemoglobin. At
72 h, there is conversion to
predominantly high signal,
consistent with extracellular
methemoglobin

2 hr

axokine [133], fibrinolysis for clot evacuation [9], and
long-term outcome measures [34]. Imaging provides a
useful mechanism to study progression of secondary injury
in a living animal, and reduces the total number of animals
necessary to produce meaningful results (Fig. 3).

Therapeutic Interventions
Surgical

Although a recent review of possible procedural interven-
tions demonstrated a number of methods ready for
translation into humans [134], at present, the clinical
management of ICH is largely directed toward treatment of
arterial and intracranial hypertension, and providing sup-
portive care. Though the STICH trial [32] did not support
surgical management for supratentorial hemorrhages, the
availability of new devices and more rigorous patient
selection affords the possibility of a beneficial procedural
intervention. To this end, the MISTIE trial investigators are
currently examining the use of stereotactic clot lysis, the
CLEAR 1IVH trial is addressing intraventricular clot lysis,
and STICH 1I is evaluating subsets of patients that might
benefit from surgical clot removal [135]. Experiments in
animals have evaluated different methods of hematoma

24 hr

72 hr
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evacuation and dissolution. Early (under 4 h) clot lysis and
aspiration reduced hematoma volumes by up to 70% in the
autologous blood injection porcine model [33]. However,
others have been unable to document reduced edema for-
mation after surgical clot extraction in the same species
[136]. More recent therapeutics includes the evaluation of
sonothrombolysis. Microbubble-enhanced sonothromboly-
sis (MEST) has received recent attention in ischemic stroke
and was the subject of study in a rat collagenase-induced
ICH model [137]. However, MEST did not improve
hemorrhage size, edema or degree of apoptosis when
applied 3 h after ICH.

Medical

Currently there is limited medical intervention approved
for use in the clinical setting. Though recombinant acti-
vated factor VII appeared promising by reducing early
hemorrhage growth in humans, data from a definitive phase
III trial presented at the 2007 American Academy of
Neurology Annual Meeting failed to demonstrate
improvement in clinical outcomes. Interestingly in the only
preclinical data published, recombinant factor VIla
decreased hematoma size in a rat collagenase model when
measured at 24 h after hemorrhage induction, but edema
was unaffected [138].

Preclinical studies have reported benefit from induced
hypothermia in ICH, although the effect is not powerful.
Reduced edema in rats 24 h after autologous blood injec-
tion was associated with better preserved blood-brain
barrier function [138]. At the same time, it has been
reported that the timing of onset of hypothermia may be
important with early onset being associated with increased
hemorrhage after collagenase injection in the rat while a
delayed onset of prolonged hypothermia improved neuro-
logic outcome [139]. Finally combination of delayed
hypothermia onset and constraint-induced movement
therapy yielded a better neurologic outcome than either
treatment alone [140].

In addition to the metalloporphyrin heme-oxygenase
(HO) inhibitors mentioned above [41, 42, 51, 141], there
have been several studies investigating other potential
treatments including glutamate receptor antagonists [142], a
cyclooxygenase-2 (COX-2) inhibitor [143], HMG Co-A
reductase inhibitors [85] and human erythropoietin [102]. In
a blood injection rat model, increased glucose metabolism,
measured by perihematomal [14C]-2-deoxyglucose uptake,
was blocked by the glutamate receptor antagonists NBQX
and MK-801 while it was increased with glutamate receptor
activation by NMDA and AMPA [142]. Lee et al. [96]
corroborated these findings by administering memantine, a

noncompetitive NMDA receptor antagonist, in a collage-
nase-induced rat model and found improved functional
outcomes with decreased markers for apoptosis. Though
COX-2 inhibitors have recently fallen out of general favor
due to concerns over cardiac pathology, celecoxib improved
neuroseverity scores, apoptotic markers, brain edema, and
brain prostaglandin E2 expression in both collagenase-
induced and autologous blood injection models in the rat
[143]. There has also been renewed interest in the role of
HMG Co-A reductase inhibitors (‘statins’) in acute brain
injury. In ICH there is limited human data, but atorvastatin
reduced neurologic deficient and neuronal loss 1 week after
injury, a finding that was associated with histological
improvement in synaptogenesis, neuronal migration, and
immature neurons [144]. Additionally, erythropoietin
reduced TNF-o, apoptotic markers, and edema while
increasing nitric oxide synthase protein expression and
improving neurologic scores [102]. Finally, there have been
two studies evaluating the use of stem cell transplantation
after ICH induction. Intravenous administration of human
bone marrow in a rat ICH model improved neuroseverity
scores and mitotic activity, and decreased overall tissue loss
[145], whereas introduction of intraventricular embryonic
neural stem cells 7 days after ICH produced neurons and
astrocytes adjacent to hematomal cavities with lasting effect
up to 28 days after transplantation [90].

Conclusion

At present, there are a variety of different preclinical
models for study of spontaneous ICH, each with its own
inherent advantages and inabilities. These models have
been used to delve into a variety of different mechanistic
ICH questions with potentially clinically relevant results.
Unfortunately, to date there continues to be little thera-
peutic intervention available to humans, and there is
much to learn about the primary etiology of ICH as well
as mechanisms of secondary injury. Of the models in
current use, the porcine model best lends itself to the
study of physiology and procedural interventions, while
small rodent models may be best suited for mechanistic
studies of secondary neuronal injury. Definition of long-
term pathological and functional (both neurologic and
neurocognitive) outcomes is possible in current models
but remains to be defined. Given the paucity of options
available in the current clinical setting, information
gained from these models will require intense transla-
tional effort to define relevance to the human condition,
where there continues to be a great need for therapeutic
intervention.
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