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Abstract

In order to understand a disease process, effective modeling is required that can assist scientists in
understanding the pathophysiological processes that take place. Intracerebral hemorrhage (ICH), a
devastating disease representing 15% of all stroke cases, is just one example of how scientists
have developed models that can effectively mimic human clinical scenarios. Currently there are
three models of hematoma injections that are being used to induce an ICH in subjects. They
include the microballoon model introduced in 1987 by Dr. David Mendelow, the bacterial
collagenase injection model introduced in 1990 by Dr. Gary Rosenberg, and the autologous blood
injection model introduced by Dr. Guo-Yuan Yang in 1994. These models have been applied on
various animal models beginning in 1963 with canines, followed by rats and rabbits in 1982, pigs
in 1996, and mice just recently in 2003. In this review, we will explore in detail the various
injection models and animal subjects that have been used to study the ICH process while
comparing and analyzing the benefits and disadvantages of each.
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Introduction

Intracerebral hemorrhage (ICH) is a devastating disease accounting for roughly 15% of all
stroke types. As many as 50,000 individuals are affected annually in the United States, with
a large number of those individuals facing chronic morbidities and early mortalities.

Over the years, basic science research has focused on reducing and/or blocking the cascade
of harmful events in ICH with the goal of improving clinical outcomes. But in order to
effectively study the mechanisms behind these events, proper modeling is needed that can
mimic pathophysiologic processes in humans. Studies on various animal models began in
1963 with canines, followed by rats and rabbits in 1982, pigs in 1996, and mice just recently
in 2003. These animal subjects have been thoroughly studied individually and compared to
human models looking for a parallel between the two groups.

As important as it is to find an animal subject that will mimic processes in the human brain,
creating the actual hematoma is another challenge. Currently there are three models of
injections that are being used to induce an ICH in subjects. They include the microballoon
model introduced in 1987 by Dr. David Mendelow, the bacterial collagenase injection model
introduced in 1990 by Dr. Gary Rosenberg, and the autologous blood injection model
introduced by Dr. Guo-Yuan Yang in 1994 [1-3].

In this retrospective review, the history behind the development of the ICH model will be
presented and discussed. Furthermore, the advantages and disadvantages of each model type
and animal subject will be evaluated.

ICH Models

Microballoon Model

In 1987, Sinar et al. [2] made a microballoon insertion model in rats as a way to study the
mass effects of ICH. A microballoon mounted on a no. 25 blunted needle was inserted into
the right caudate nucleus after a burr hole had been created on the skull. The microballoon
was inflated to 0.05 mL over a period of 20 s and was kept inflated for 10 min before being
deflated. At the end of the study, the authors looked at brain histology, intracranial pressure,
and cerebral blood flow. They found the microballoon model to be successful in producing
an effective brain lesion with an extensive area of ischemic damage noted on the right
caudate nucleus. Additionally, there was a reduction in cerebral blood flow and an increase
in intracranial pressure at the site of damage.

The advantage of the microballoon model, according to Rojas et al. [4], is that it mimics the
space-occupying aspect of the hematoma. The disadvantage is it fails to address the potential
effects of blood and subsequent substances released by the clot formation. This could
potentially be the reason why there is a smaller degree of ischemia in this model versus what
would be expected with an equivalent volume of blood [5, 6].

Collagenase Injection Model

Collagenases are proteolytic enzymes that degrade the basement membrane and interstitial
collagen [7]. Additionally, they have been shown through immunocytochemical studies to
surround blood vessels [8]. As a result, in 1990, Rosenberg et al. made a new model for
spontaneous ICH using bacterial collagenase injections directly in the brains of Sprague-
Dawley rats [1]. In this model, male rats were placed in a stereotactic apparatus, and 2 pl of
saline containing 0.01-0.1U bacterial collagenase (type X1 or VII) was infused into the left
caudate nucleus over 9 min. Bleeding occurred as early as 10 min after collagenase
injection, with edema also seen at the site of hemorrhage [1]. Other modifications to this

Acta Neurochir Suppl. Author manuscript; available in PMC 2013 February 11.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ma et al.

Page 3

model were made, including: injection site changes, adjustments to collagenase
concentration, injection rates/volumes, and heparinization. This model conceptually
integrates small vessel breakdown to produce hemorrhage and allows a controllable amount
of variability in hemorrhage size [9]. The advantage of this model is its ability to mimic
spontaneous intraparenchymal bleeding in humans while avoiding the technical difficulties
with handling blood [10]. It also mimics the hematoma expansion of continuous bleeding
that occurs naturally in ICH patients [11, 12]. The disadvantages of this model are related to
bacterial collagenase’s ability to introduce a significant inflammatory reaction [10].

Blood Injection Model

The blood injection ICH model has become the standard for experimental ICH. The first
recorded publication using arterial blood as a single injectable agent was conducted by
Ropper et al. in 1982 [13]. Using a 27-gauge cannula, fresh blood from the ventricle of a
donor rat was infused over 1 s into the right caudate nucleus of the subject ICH rat. This
method did not account for key sources of variability. Hence, in 1984, a variation of
Ropper’s model was performed by Bullock et al. [14] to study the changes in intracranial
pressure and cerebral blood flow. Instead of using donor blood, Bullock used a 22-gauge
needle that bridged the right caudate nucleus to the femoral artery. For the first time, the
study was able to look at ICH under arterial pressure — thus effectively evaluating the
pathophysiology of ICH. One of the main disadvantages of this method was the lack of
reproducibility because of the potential variations in blood pressure.

This is why in 1994 a study at the University of Michigan by Yang et al. [3], discovered that
the use of a microinfusion pump could address the concerning issues that had confronted
previous authors. Using a microinfusion pump, a constant rate of autologous blood
(extracted from the femoral artery) was infused into the right caudate nucleus, creating a
controllable and reproducible hematoma. This single blood injection model has been applied
to most of the recent ICH studies. Unfortunately, one of the major issues with Yang’s
technique was the reflux of blood up the needle tract and into the ventricular system or
extension into the subdural space with a more rapid injection rate. Additionally, the inability
of this technique to reproduce the systemic arterial pressure that can influence the hematoma
size is also seen as a slight disadvantage. Finally, the use of the femoral artery created
problems down the road when it came time to assess neurobehavioral deficits.

To address the concern of blood reflux up the needle tract, a double injection model was
created just 2 years later. In 1996, a study led by Deinsberger et al. [15] at the Justus Liebig
University in Germany modified the single arterial blood injection model originally
designed by Yang and instead used a double arterial blood injection model. What
Deinsberger and his team proposed was injecting 5 .l of fresh autologous blood into the
caudate nucleus and waiting 10 min to allow for clot formation. This way, when it was time
to inject the rest of the autologous blood to mimic the hematoma, the chances of reflux
would be minimized significantly. This was the main advantage of the double blood
injection model over the single injection model — it minimized blood reflux through the
needle tract. The disadvantages, however, were the obvious difficulties with infusion and
increased potential of clot formation because of the time lag between injections.

Large Animal Models

Monkeys

Chimpanzees and rhesus monkeys share over 90% of their DNA with humans in addition to
physiologic, structural and size similarities, making them ideal candidates for preclinical
study. In 1982, Segal et al. [16] used macaque monkeys to demonstrate the effects of local
therapy on hematoma formation using the thrombolytic urokinase. Their treatment was
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given after injection of 6 mL autologous blood into the right internal capsule. Additionally,
in 1988, Bullock et al. [17] used adult Vervet monkeys to demonstrate and quantify a 90—
120 min decrease in the regional cerebral blood flow (rCBF) following an ICH. A key
refinement to the primate model made by Bullock was the use of a catheter that infused
blood directly from the femoral artery into the right caudate, thereby keeping the infusion
pressure closer to arterial pressure and reducing complications from blood handling and
delay.

The experiments using monkeys were costly, and the various levels of restrictions and
regulations were concerning [4]. Hence, their use in ICH modeling was quickly
discontinued.

Like monkeys, canines have long been the subject of medical research across the same range
of fields, most notably having contributed to cardiovascular physiology [18]. But like
monkeys, use of canines in research involves similarly stringent criteria and cost. In 1963,
Whisnant et al. [19] developed a model for experimental ICH by performing single
injections of 0.5-1.5 mL of fresh autologous venous blood into the basal nuclei or deep
white matter region in canines — producing varying sizes of ICH. In 1975, Sugi et al. [20]
used canines to develop a single autologous arterial blood injection model, noting lactate
elevations in CSF after injection. In 1999, Qureshi et al. [21] made single autologous blood
injections (7.5 mL) over 20-30 min under arterial pressure into the deep white matter
adjacent to the basal ganglia of canines. The needle was pointed 20° lateral to the vertical
axis. The complications encountered in this study were the increased frequency of
transtentorial herniation. Hence, they then used smaller injection volumes ranging from 2.8
to 5.5 ml, which successfully induced formation of ICH with fewer complications [22]. In
1999, Lee et al. [23] made use of an infusion pump for injection of 3-5 mL of non-
heparinized autologous arterial blood into the temporo-parietal cortex. This method took 8
min in canine subjects and allowed for the formation of consistently sized clots.

In 1985, the microballoon method was used by Takasugi et al. [24] who modified this
method by injecting venous blood directly into the balloon as an attempt to minimize reflux.
This model mimicked both the increased pressure and blood volume following ICH. Using
this model, Takasugi was able to classify the chronological stages after ICH and concluded
that the increased repair time after ICH was correlated to the degree of histologic injury to
the surrounding tissue rather than to the size of the hematoma itself.

Known for their large, gyrated brain and well-developed white matter, the large hematoma
volume in pigs post-ICH enables a closer examination of the area compared to other animal
species [25]. In 1996, Wagner et al. [25] developed a lobar hemorrhage model in pigs where
1.7 mL of autologous arterial blood was slowly injected using an infusion pump into the
frontal white matter. The slow injection reduced the likelihood of ventricular rupture or
leakage of blood along the needle track. Compared with rapid infusions at high pressures,
this method more closely modeled ICH in humans where bleeding generally originates from
small intraparenchymal arteries. In 2000, Kuker et al. [26] injected 0.5-2.0 ml of venous
blood with a blood reservoir into the anterior frontal lobe to study the characteristics of
hematomas using magnetic resonance imaging. This study used Takasugi’s method of prior
microballoon catheter insertion to reduce needle pathway reflux. A different study in 2002
led by Rohde et al. [32] modified this model into a double-injection procedure (with a main
injection of 2-3 ml of autologous venous blood with blood reservoir in their study) to better
prevent post-injection reflux.
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Pigs were also used in collagenase injection models. Collagenase infusions of 10 .l by
micro-infusion pump over 20-30 min were made into the right somatosensory cortex by
Mun-Bryce et al. [27] in 2001. This study examined tissue excitability following ICH and
evaluated the outcomes using magnetic resonance imaging in addition to electro- and
magneto-encephalography. Use of collagenase, which is released from injured cells [5], does
address the clinically relevant phenomenon of vasogenic edema following ICH. The levels
of collagenase, however, are far above those encountered in clinical ICH and therefore
correlations must take this into account.

Small Animal Models

Rabbits

Rats

Rabbits were first used by Kaufman et al. in 1985 [28] in a single autologous blood injection
model. The study failed to yield conclusive results, and in fact, the rabbit died shortly after
injection. A decade later, arterial blood was injected using an infusion pump by Koeppen et
al. [29]. Arterial blood extracted from the ear was injected into the right thalamus and, to
minimize reflux, needle withdrawal was delayed. The study found that subjects exhibited a
reduction in neurobehavioral deficits.

Compared to larger animal models, use of rabbits is less costly, meets a higher success rate,
and allows for an extended period of study with less mortality. Qureshi et al. in 2001[30]
modified this model in order to look at patterns of cellular injury. In this model, a 30-gauge
needle penetrated the brain, while autologous arterial blood was infused into the white
matter of the left frontal lobe. Instead of using arterial blood, Gustafsson et al. in 1999 [31]
used autologous venous blood that was injected manually in the brain. Although a
hematoma did form, the use of venous blood differs from what is seen in humans.

The earliest rat model using a single arterial blood injection method was conducted in 1982
by Ropper et al. [13]. The study reported that blood, not the mass effect as was previous
postulated, was responsible for the changes in regional cerebral blood flow. Unfortunately,
because of the nature of the design, certain outcomes could not be evaluated — the
disadvantage of using donor blood introduces various immune reactions, while the lack of
arterial pressure fails to mimic a true human ICH experience. Additionally, variability in
outcomes was an issue because of the potential for reflux up the needle tract and the
potential for blood volume discrepancies. Several of these issues were addressed later by
Bullock et al. in 1984 [14]. For instance, blood infusion was conducted more rapidly under
arterial pressure and in a smaller time window (10 s); however, it was difficult to reproduce
reliably. The blood pressure variations from animal to animal resulted in different injury
volumes, and the small time window required significant technical mastery. This was
followed by development of a method that instead held the rate of infusion constant using
microinfusion pumps [6]. The use of microinfusion pumps allowed production of a
controllable and reproducible lesion with a slower injection rate and a lower pressure than in
an arterial pressure model (100 mmHg). A remaining shortcoming was that a more rapid
injection rate resulted in a variable reflux of blood along the needle track and poorly
reproducible lesions.

To address the issue of needle tract reflux, the double injection method was developed by
Deinsberger et al. in 1996 [15]. In this model, a smaller volume of blood was first infused,
allowing for clot formation and a reduction in blood reflux. While technically challenging,
this technique met with great success in reproducibility and minimization of pathway reflux.
The use of venous blood in the single blood injection model was addressed by Masuda et al.
in 1988 [33]. While they described a significant success rate in the production of
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intraparenchymal hematomas, the use of venous blood did not faithfully replicate the
conditions in the major form of clinical ICH, which involves rupture of an arterial vessel.

In 1990, Rosenberg et al. established a new model for spontaneous ICH using bacterial
collagenase infused directly into the brain in Sprague-Dawley rats [1]. This model was
especially popular because it was the closest mimicker of spontaneous ICH in human beings
[10].

The ICH model in mice was derived from experiments in rats. A single arterial blood
injection into the right basal ganglia in mice was described by Nakamura et al. in 2004 [34].
This study compared the effects of autologous arterial blood, donor whole blood, and saline
injections on brain edema development. The study found that donor blood injection was
associated with a significantly greater increase in edema in the ipsilateral cortex compared to
an autologous blood injection model.

In 2003, Belayev et al. [35] placed a cannula into the left striatum and injected 5 pl of
heparinized cardiac blood from a donor mouse. Following the injection, 7 min were given
for clotting to occur, and a final injection of blood was given (10 w.I). Double injection
methods, such as this one in mice, were met with great success because of their consistency.
Soon after, in 2006, a triple injection method in mice was developed by Ma et al. using
venous blood [36]. Two infusions of 5 .l of blood were separated by a 7-min pause for clot
formation. After the second infusion, a 1-min pause was given for additional formation,
followed by a 20-pl infusion of blood. This method also produced consistent outcomes.

In 2008, Rynkowski et al. [37] published a protocol for a modified double blood injection
model in mice. In this model, 30 .l of autologous blood from the central tail artery was
injected directly into the right stratium in two steps as previously described [35]. In both the
double and triple injection mouse models, potential immunoreactive blood from other mice
was used, and although heparinized to minimize clot formation, it prevented proper study of
pathologic processes associated with the hematoma formation.

In 1997, Choudri et al. [38] first utilized the previously established rat model for collagenase
injection in mice by infusing 1 pl of bacterial collagenase into the right basal ganglia over 4
min. This was followed by Clark et al. in 1998 [39] who performed a 2-min injection of 0.5-
pl-volume collagenase into the right caudate and globus pallidus, followed by a 3-min delay
to reduce tract reflux. Additionally, Clark’s group performed a 28-point neurobehavioral
evaluation at 24 and 48 h. Neurobehavioral scoring has since been adopted by other groups
as a way to follow functional differences with administration of various substances meant to
worsen or improve the injury in ICH [6, 39, 40].

Both rats and mice have been widely used in research because of their feasibility and ease
with which to anesthetize them compared to larger animals. Transgenic systems exist
primarily in mice, making this the optimal model for studying genomic effects on ICH and
secondary mechanisms of injury. However, the relatively small size makes them difficult to
implement techniques that are used in larger animals.

Conclusion

In this review, we looked at the three main models that have been developed to understand
the physiology behind ICH — microballoon infusion, collagenase injection, and the
autologous blood injection model. Additionally, we compared the various animals species
that have been used to conduct these experiments, including monkeys, canines, pigs, rabbits,
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mice, and rats. Although there are no ideal subjects or models that can mimic the natural
process in humans, each model can be used to study certain aspects of the
pathophysiological process behind an ICH. In the future, the ideal ICH model should have
characteristics that can model spontaneous intracerebral hemorrhage in humans and allow
for effective studies on physiology, procedural interventions, and mechanisms of secondary
brain injury.
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