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Hemorrhagic stroke is one of the least studied problems in the modern neurology. Development of the
treatment leads to examination of the pathophysiology of the process, which mainly can be performed in ani-
mal models. Recent years few animal model of the hemorrhagic stroke have been proposed. In this review we
discuss the differences and benefits of the existing models in the compliance with the process that take place
in human patients with hemorrhagic stroke.
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SKCHEPUMEHTAJILHBIN FEMOE’PAFI/I‘IECKI/II?'I HNHCYJIbT:
MHNOUCK JYYIIEN MOJAEJIN

Anopeit Sonyuancruii’, @uaunn Caene', Hlepsanmu I'omep-Bannuacunxam', Kosun Ipun', Po6ep-
mo Momepaunu™’

'Oraenenue xupyprieckux uccnenopanuii, Hopruk [Tapk HECTHTYT MEIMIMHCKHX HCCIIEAOBAHMIA, Be-
JUKROOPHUTAHUS

’OrjeneHne OTKPBITHA H PA3PabOTKU JTEKAPCTBEHHBIX MPEMAPATOB, MTAThAHCKHHA HHCTHTYT TEXHOIOTHH,
Wrammsa

Temopparuieckuit HHCY BT SABJIACTCS OTHON M3 HAWMCHES H3YUCHHBIX MPOOICM B COBPEMCHHOH HECBPOJIO-
rud. Pa3BHTHE HOBBIX MOAXOJ0B K €TO JICUCHHIO HCBO3MOKHO 0€3 YCTAHOBICHHS TOHKUX MCXaHH3MOB Pa3BH-
THA, KOTOPBIE BO3MOXKHO YCTAHOBUTH TOJIbKO HA AJICKBATHBIX MOJCIIIX Y SKCIEPUMEHTAIbHBIX KUBOTHBIX. B
TOCJICTHUE TOABI OBLTO IMPEIOKEHO HECKOIBKO MOJCICH TEMOPPArMueCKOTO HHCYJIbTA ¥ KUBOTHBIX. B 0030-
pe 00CYKIAFOTCS PA3IHIMS CPEIN CYIIECTBYIOMIMX MOJCICH B COOTBETCTBHH C IPOLIECCAMHE, MPOTEKAOIIIMHA
Y HAIHCHTOB C TCMOPPATHICCKAM HHCYITBTOM, H OOOCHOBBIBACTCA BEIOOP HAHOO0ICE AICKBATHBIX CPCIH HHUX.

KIITFOYEBBIE CJ/IOBA: teMOpparmyecKuil MHCYJIBT, 3KCICPHMEHTAIBHOE HCCICAOBAHUE, OMOIIOTHYC-
CKas MOJENb, IJA00OPAaTOPHOE SKUBOTHOS

EKCHEPUMEHTA/IbHUI TEMOPATTYHUIL IHCY.IBT:
MOLIYK KPAILIOI MOJEJII

Anopiii A6nyuancoxuir’, @inin Casna', Hlepeanmi 'omep-Banniacinkam', Konin I'pin', Po6epmo
Momepnini™?
BigmineHHs Xipypriuaux gocuimkeHb, Hopreik [Tapk iHCTHTYT MeAMYHAX TOCITIKEHD, BenmnkoOpuraHis
BigmineHHsS BIAKPUTTS Ta pO3POOKH TIKAPCHKUX Mpenapartis, ITamiHChbKui IHCTUTYT TEXHOJOTII, [Tamis

T'emopariyHuil IHCVIIBT € OJHIECIO 3 HAMMEHII BUBYEHHUX MPOOJIEM B CVUacHIN HeBDOJIOrii. PO3BHTOK HOBHX
MIXOMIB 10 HOTO JKVBAHHI HEMOJJIMBHH 0€3 BCTAHOBIICHHS TOHKHX MEXAHI3MIB DO3BHTKV. SAKI MOYKIHBO
BCTAHOBHUTH TUILKH HA AACKBATHHX MOIC/IAX V CKCICDHMCHTAIBHUX TBaDHH. B ocranHi poku OViIO 3amporo-
HOB4HO KiJTbKa MOJCJICH reMODAaridHOIrO iHCVIBTY V TBAPHH. B orisai oOroBODIOIOTHCA BIAMIHHOCTI CEDEI
ICHVIOUMX MOJEJCH BLANOBLIHO 10 IDOLECAMH. IO MDOTIKAIOTH y MALIEHTIB 3 TEMOPAriyHUM IHCYJIBTOM, 1
OOTPYHTOBY€THCS BHOIP HAHOIIBII aICKBATHHX CCPC/ HHX.

KITIO90BI C/IOBA: reMoparidauii iHCYJIbT, €KCIIEPUMEHTAIBHE JOCITHKECHHA, 01070TIMHA MOJCIb, JIa-
OopaTopHA TBapHHA
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INTRODUCTION

Hemorrhagic stroke is one of the most severe
stroke types and accounts for 20% of stroke pa-
tients [1, 2]. 30% of stroke patients die within
the first month after stroke incidence, 23% die
within a year and only 65% of the survivors can
function independently [3-5]. Despite such a
high incidence, stroke remains poorly explored,
highlighting the necessity of understanding its
processes. One of the ways to investigate the
processes in hemorrhagic stroke and to find a
possible treatment is an experimental animal
model. The model should possess certain char-
acteristics such as be standardised, reproducible
and represent the main mechanisms of the proc-
ess as it is in humans [6-9].

This review will discuss and compare current
main experimental hemorrhagic stroke models
nowadays.

RATS AS A PREFERENTIAL
EXPERIMENTING MODEL

Modelling of human neurological disorders
in animals is not an easy task.

Rodents, rats in particular, are probably the
only laboratory animals that have been studied
in detail, providing numerous behavioural stud-
ies, which have shown the similarity in human
and rats’ motor components which are responsi-
ble for upper extremity movements in humans
and forelimbs in rats during reaching behaviour
[9].

There are a few major disadvantages that can
be found in the rats’ model. The organization of
the rat brain is obviously not identical to that of
the human brain. Therefore, the clinical rele-
vance of neuroanatomical information obtained
in the rat in principle should be confirmed in
human material, which often may not be possi-
ble for ethical reasons; and conversely, certain
important problems like the neurobiology of
language in the rat [10].

On the other hand the principle structural or-
ganization, functional, behavioral (survival,
search for solutions), as well as compensatory
mechanisms of lost functions, repair mecha-
nisms, which are realized through the inflamma-
tion, as well as fundamental biochemical, im-
mune, functional and other processes are com-
mon for all the mammal world, and thus any
treatment found for animals could also be appli-
cable in humans [11-14].

A lot of the factors are determined by physi-
ology and thus the reaction to the pathological
conditions, which are determined by age, gen-
der, genetical heredity (e.g. vessel pathology).
For example in the case of gender it was shown
that female hormones, such as estrogens, pre-
serve females rats’ brain and narrows the clini-
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cal picture in conditions when free blood is pre-
sent, such as hemorrhagic stroke [15]. The same
tendency can be seen in women patients with
hemorrhagic stroke, as it was shown that
women aged 25-44 have less hemorrhagic
stroke death when compared to men at the same
age [16]. However other studies suggest that
women had higher hemorrhagic stroke associ-
ated deaths rate than men [17, 18]. Study per-
formed by Wassertheil-Smolleret al. reported
estrogen plus progestin to increase the risk of
ischemic stroke in generally healthy postmeno-
pausal women [18]. However the role of female
hormones is clearly present in the conditions of
hemorrhagic stroke, and neuroprotective effects
of estrogen were shown to be of benefit in fe-
male rats when give prior the ICH [15]. These
findings suggest to use male rats in the hemor-
rhagic stroke experiments. Age, as an individual
evolution — stable period, involution and condi-
tions that are associated with involution such as
atherosclerosis (including atherosclerosis of
cerebral arteries); genetical problems — aneu-
rysms, stenosis, etc. All these factors influence
the research and thus standardization is really
important, which limits the research by the gen-
der, age, genetical line according the aims (e.g.
hypertensive rats) and etc.

NEOSTRIATUM AS A SITE FOR
EXPERIMENTAL HEMORRHAGIC
STROKE

Similarity in organization, functional and
behavioural mechanisms in neostriatum be-
tween human and rats made it a site for model-
ling hemorrhagic stroke [19, 20] [9, 21-23].
This information has led to the development of
a battery of sensorimotor tests that can measure
various aspects of both motor impairment and
recovery after ischemic and hemorrhagic insult.
Further, investigation of the anatomical and
neurophysiological organization of the rodent
motor system facilitates the identification of the
neural mechanisms underlying motor recovery,
information that in turn allows for the develop-
ment of novel adjuvant therapies that may en-
hance recovery or limit impairment [13, 22, 24,
25]. In addition, rat models enable the use of
more complex experimental designs to examine
issues such as time course of recovery and dose-
response relationships that are not feasible in
nonhuman primate experiments [26-29].

HEMORRHAGIC STROKE MODELS

Under normal conditions the blood does not
have direct access to the neurons. They are
separated by the blood-brain barrier, which is
mainly formed by the astrocytes, endothelial
cells and extracellular matrix. When an artery in
the brain ruptures, this causes a blood leakage



into the brain tissues thus causing a non-
physiological condition with corresponding out-
come. This condition is called hemorrhagic
stroke [30-32].

The volume of the blood leaked out, that
forms hematoma, directly correlates to the clini-
cal signs. The blood that has leaked out from the
blood vessels in the brain presses the surround-
ing tissues against the skull thus forming an
ischemic zone and hemorrhagic injury [33, 34].

An ideal experimental hemorrhagic stroke
model should have the following characteristics
characteristics:

1) blood deposition in a distribution consis-
tent with the type of haemorrhage de-
sired;
uniform degree of hemorrhage;

a mechanism of hemorrhage which clo-
sely simulates the human conditions;

4) easily performed;

5) reasonable cost.

The most common experimental intracere-
bral hemorrhage stroke models are:

1) balloon inflation model,;

2) blood injection model;

3) bacterial collagenase model [7,8, 35-37].

BALLOON INFLATION MODEL

This model was introduced by Sinar et.al in
1987. The balloon inflation model is a pure me-
chanical model of ICH which mimics the space-
occupying effect of a hematoma and its re-
moval. The model studies the pathophysiology
of these events. A microballoon mounted on a
25-gauge blunted needle is inserted into caudate
to a depth of 5.5 mm and inflated to a 50 pl vol-
ume over a period of 20 sec with a radiopaque
contrast medium. Inflation is confirmed by X-
ray fluoroscopy and the balloon is deflated 10
minutes later. Since then the model has been
modified for in terms of both the duration and
the volume [38, 39].

As the model is performed mechanically the
lesion generated is reproducible. Moreover, as it
was reported, reproducibility of results and the
extent of CBF fall and ischemia in this model
can be controlled by the volume and the dura-
tion of balloon inflation [10].

Still, cerebral blood flow falls for the next 4
hours after balloon inflation regardless of the
time of balloon deflation. Ischemia develops 4
hrs after balloon inflation. Also it has been
shown in two separate studies by Mendelow and
Valdes et al. that ischemic brain injury level can
be limited by early deflation of the balloon and
that the damage in the region is mainly repre-
sented by ischemic processes and that cell death
in the lesion is apoptotic [40].

The absence of both blood vessel rupture and
the subsequent leakage of blood highlights the

2)
3)
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physiological differences between this model
and hemorrhagic stroke.

BLOOD INJECTION MODEL

A model that used an injection of autologous
blood into the brain was firstly proposed by Bul-
lock et al, 1984. The blood is collected from the
rat’s tail vein and stereotaxically injected into
the region of interest. The site for injection is
based on the common human ICH blood distri-
bution. The basal ganglion is still considered to
be the favourite site of blood injection. The vol-
ume of the blood injected may vary depending
on how big the hemorrhage is designed, but
many researches agree that the volume of blood
should not exceed 100 ul [23, 41, 42].

One of the major disadvantages in the use of
blood injection model is that the hematoma size
is hardly reproducible in a series of experiments
[10, 43, 44]. The reasons for the lack of repro-
ducibility vary but are most commonly: rupture
of ventricle, backflow of the blood infused
along the needle track, excess of blood injected.

To minimize the lack of reproducibility the
double-injection model has been introduced
[45], when the desired volume of blood is in-
jected in two portions at a slow rate over a cer-
tain time period with 7 minutes break. The
break allows blood to clot along the needle thus
prevents the backflow, resulting in no leakage
into the subarachnoid space.

However, having the leak limited, the distri-
bution of the blood injected remains inconsis-
tent and as some researches report about 25% of
the hematomas have extensions into the adja-
cent white matter [35, 41], at the same time
other researches observe a different size of
damage after autologous blood injection and not
consistent location of the hematoma [46]. Ir-
regular morphology and variable location of
hematoma are the problems encountered with
slow infusion [37].

Recent papers suggest using the curved tip of
a metallic microcatheter through the canula with
turning it four full times to the left and right,
thus creating the space for the blood being fur-
ther injected [6]. However this model is not per-
fect either, as the canula used for injection is of
a quite a large diameter, as 23 G, which leaves a
stab wound and produces trauma preceding
blood injection.

The main disadvantage of the model most
probably lays in that it doesn’t represent all the
real mechanisms of the hemorrhagic stroke.

BACTERIAL COLLAGENASE MODEL

Collagen IV is the major protein of the basal
lamina of blood vessels and plays an important
role in integrity. The main principle of the
model is that the collagenase disrupts the pro-
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tein bonds in collagen and thus rupturing the
vessel wall. Originally the collagenase model
was introduced by Rosenberg [36] when 0.1-1
units of bacterial collagenase in 2 pl of saline
was injected stercotaxically into the brain, and
reported that 0.5 units gave expected results,
while 1 unit collagenase limited 24-hrs survival
of experimental animals. Since then the model
has been modified by different authors and the
different types of collagenase have been used
[23, 47].

The site of collagenase injection in this
model remains the striatum. The only other site
used collagenase injection model is the primary
somatosensor cortex, performed in swine model
of intracerebral hemorrhage [48].

The main disadvantage of the collagenase in-
jection model is thought to be an exaggerated
inflammatory response, what was suggested by
Xue et al. and later by researchers at National
Institute of Neurological Disorders and Stroke
with an idea that collagenase damages the tissue
in the place of injection and plays a role as an
artificial chemoattractant [35].

As was suggested, the collagenase model is
clearly more suitable to assessing treatments
that affect bleeding and hematoma expansion,
such as hemostatic therapies or blood pressure
therapies. The collagenase model would suit
studies in detecting treatment side affects, such
as elevated blood pressure by induced hypo-
thermia [14]. The collagenase model was shown
to better represent the physiological conditions
of hematoma expansion in clinical patients with
ICH, as it was suggested that hematoma expan-
sion continues up to 24 hrs [49] after incident.

Most researches report that this model
showed good reproducible results with hemor-
rhage volumes that correlate the collagenase
amount injected [10, 25, 50].

COMPARING TWO ICH MODELS

Choosing the model for investigating in-
tracerebral hemorrhage is really important, that
is why it is vital to compare existing models and
choose the most appropriate one for the research
criteria.

The blood injection model and collagenase
injection model are the most widely used for
intracerebral hemorrhage modulation [7]. How-
ever there are a few major differences between.

Starting from the very beginning, from
choosing the substance to be injected, in the
blood model for example, it is important to con-
sider that in most of the research done the blood
has been collected from rat tail vein, which
means that venous blood has been injected. Not
many researches use arterial blood to simulate
hemorrhage, which differs from the real life
situations when in most cases arterial vessels
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rupture, thus causing blood leakage into the
brain tissues [6, 14, 51]. Besides blood injection
model simulate more the final stage of the in-
tracerebral hemorrhage — the appearance of the
blood in the brain tissue, while the speed and
the pressure with which the blood have been
injected remains questionable. In the colla-
genase injection model the enzyme affects the
basal lamina of the blood vessel directly causing
the blood leak into the brain tissues, and the
blood mainly appears to be of the mixed type.

The blood injection model was mainly intro-
duced to represent a single large blood leak into
the brain tissue [51, 52] and does not represent
spontaneous bleeding. As clinical data in ICH
patients suggests that bleeding continues up to
24 hours after the incident, the blood injection
model is not appropriate for studying the bleed-
ing or interventions that might affect bleeding
and is mainly used for routine pathophysiology
examination of ICH [14]. That is compared to
the collagenase model where the bleeding can
be observed in its “natural way” and continues
up to 24 hours as in patients after stroke inci-
dence [50]. For example MacLellan et al
showed an increase in hematoma volume in col-
lagenase model compared to a blood injection
model over the first 4 hrs after incident [14, 50].

The injection methodology also varies. As
the best results in blood injection model have
been achieved using a double-injection model,
which mean injection of the whole blood in two
portions with a short break in between [6, 10,
45]. However 5-7-minute break during whole
blood injection doesn’t represent the natural
way of blood leakage and the first portion may
affect the second portion, e.g. blocking injection
by the clot formation. As compared to the colla-
genase injection model where there is a com-
pletelydifferent situation. The collagenase af-
fecting the vessel does represent bleeding as it
would be found in real life [36].

The double-injection model demonstrates
higher reproducibility of the hematoma due to
preventing the backflow of the blood, which is
achieved by the blood clotting along the needle
tract during the break. However having the
leakage limited, the distribution of the blood
injected remains inconsistent and as some re-
searches report about 25% of the hematomas
have extensions into the adjacent white matter
[35, 41]. At the same time other researchers
have observed different scales of damage after
autologous blood injection which were not con-
sistent with the position of the hematoma [46].
Irregular morphology and variable location of
hematoma are problems encountered with slow
infusion [37]. A collagenase injection model
produces consistent hematoma size and loca-
tion, according the collagenase concentration



that has been injected [10, 25, 50].

One more important disadvantage of the
blood injection model that should be taken into
account is that the disrupted vessel wall metabo-
lites do not appear to get into the bloodstream as
would happen naturally, and in the collagenase
model [51].

It was proposed by Xue et al. that colla-
genase itself acts as a chemoattractant and that it
plays some role in the inflammatory response
[35]. It was also stated in the report from a Na-
tional Institute of Neurological Disorders and
Stroke workshop, 2005, that collagenase pro-
duces exaggerated inflammatory response and is
directly toxic to the neurons. However, some
groups using in vitro studies showed that colla-
genase at concentrations used in vivo don’t
cause neuronal death or inflammation, while
large doses of collagenase remain toxic to neu-
rons [53]. MacLellan et al. also have proposed
that the increased damage due to bacterial col-
lagenase injection can be as a result of higher
dosage used and thus the distribution of the ac-
tive enzyme [14]. Another possible reason for
more pronounced inflammatory response could
be the more natural way of stroke incidence,
which is represented by the blood vessel wall
disruption, blood leakage and disrupted vessel
wall metabolites entering the blood stream,
which triggers natural chemoattractactive
mechanisms and thus, probably, a more natural
inflammatory reaction.

On the other hand, the study performed by
Xue and Del Bigio showed that in the acute
stage all the models of hemorrhagic stroke (both
blood injection and collagenase injection mod-
els) were characterized with the same signs,
such as presence of the cell debris and hy-
pereosinophilic reaction within the first day
within the lesion, it was also shown that neutro-
phils begin to appear in intact brain tissue
around the lesion. Neutrophilic reaction, though
it was slightly increased in collagenase injection
model (compared to a blood injection model),
showed the same tendency as the blood injec-
tion model — the peak was reached on day 2 af-
ter experiment, then it was significantly reduced
on day 3 and did not appear to be present on day
7. At the same time it was shown that active
lymphocytic reaction was increased reaching its
peak on day 7, compared to the blood injection
model where the peak was reached on day 2 and
decreased [35]. However the exact numbers and
changes of the cell types in the hemorrhage re-
gion in both models, and in humans, are absent,
what makes hard the comparison in between the
models and the models to the humans.

Looking deeper into the main stated disad-
vantage of the collagenase model, pronounced
inflammatory response, we should compare the
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inflammatory response in the model to the in-
flammatory response in humans, which is repre-
sented by local and systemic responses (altera-
tion, exsudation, proliferation) [54-57]. System
reaction is presented by the immune and in-
flammation system cell kinetics, which ideally
goes through the steps of leukocyte migration
(neutrophiuls 1-2 days, monocytes 2-3 days),
chemotaxis (endogenous signaling molecules —
lymphokines, exogenous — toxins), phagocytosis
(lyzosomal enzymes, free radicals, oxidative
burst) [12, 58, 59]. The next step of normal in-
flammatory reaction is a resolution (which is
mainly represented by chemical substances neu-
tralization, normalization of vascular permeabil-
ity, apoptosis of inflammatory cells, lymphatic
drainage) and healing by scar (tissue destruc-
tion, fibrinous inflammtion, purulent inflamma-
tion which leads to abscess formation). Taking
into account that these processes are regulated
by the attractants from the injury area (the me-
tabolities of the vessel rupture, the products of
died cells, etc) there are the grounds to believe
that the collagenase model processes are more
relevant to ones in the humans.

Inflammatory molecules, including cytokines
(TNF-ga, IL-1b, IL-8 and IL-18) and soluble ad-
hesion molecules (L-selectin, E-selectin, P-
selectin, SICAM and sVCAM), are elevated in
the blood of stroke patients [12]. Cytokines such
as IL-1b, IL-6, IL-8 and IL-10 also can be found
elevated in the cerebrospinal fluid from the first
day of stroke [60-62]. High levels of TNF-a in
plasma were shown to be associated with in-
creased perihematoma [63]. Interestingly, neu-
rological impairment on the third day after
stroke is correlated with the mRNA levels of IL-
1b, IL-8 and IL-17 in peripheral blood mononu-
clear cells [64]. Serum IL-18 levels within the
first 24 h predict the size of the infarct detected
by CT scan and clinical outcome at 2 weeks
[65]. Similarly, peak plasma IL-6 concentration
within the first week of stroke correlates
significantly with CT brain infarct volume, early
clinical deterioration and clinical outcome after
3 months [66, 67]. The ESR level at 48 h corre-
lates with the clinical outcome at 6 months, and
CRP level at 72 h correlates with the mortality
rate at 4 years after onset of stroke [68, 69].

A lot of the investigators demonstrate local
and systemic inflammatory responses after
stroke incidence. Peripherial white blood cell
count (WBC), C-reactive protein (CRP) and
erythrocyte sedimentation rate (ESR) are in-
creased within 24 hours after the onset of stroke
[70, 71]. More recent studies showed an ele-
vated rate of WBC, CRP and ESR even 3
months after incindence [72].

In an experimental collagenase induced in-
tracerebral hemorrhage model performed by
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Wasserman et al. it was shown that TNF- «, IL-
1b, IL-6, ICAM-1 and VEGF increase within
hours of ICH incindence, and play a role in
BBB disruption and neutrophil recruitment into
the area [73, 74].

Wasserman et al. presented the data showing
that extravasated neutrophils could be observed
within 6 hrs at the periphery of hematoma, and
on day 3 it was shown neutrophil reaction
around the hematoma with separation from the
healthy striatum with the band of activated mi-
croglia/macrophages [73, 75, 75]. It was also
shown that after ICH stroke incidence the cells
around hematoma were positive for TNF-a [76].
Infiltrating neutrophils can damage brain tissue
directly by generating ROS and secreting pro-
inflammatory proteases [77]. Besides, the con-
tents of dying leukocytes can promote inflam-
matory tissue injury indirectly by stimulating
macrophages to release pro-inflammatory me-
diators [78].

Activated microglia/macrophages were re-
ported to be observed on day 1 throughout the
damaged striatum and weakly present in healthy
striatum, with further activation and migration
of activated microglia/macrophages toward the
hematoma and creation of a dense band around
the hematoma on day 3. By day 7 it was shown

that the hematoma was completely infiltrated
with activated microglia/macrophages. Though
the primary role for activated microglia is to
clear the hematoma, it also expresses and re-
lease a variety of cytokines [79-81], ROS [82-
84], nitric oxide [85] and other potentially toxic
agents, suggesting that activated micro-
glia/macrophages might contribute to ICH in-
duced early brain injury [86, 87]. In addition, a
greater degree of microglial activation has been
found in aged rats after ICH than in young rats,
suggesting that activated microglia might be a
contributing component to enhanced brain in-
jury in aged rats [88]. More recently, studies by
Yang et al [89] have shown that complement
activation may affect inflammatory responses,
including microglial activation and neutrophil
infiltration, thereby contributing to ICH-induced
brain injury.

In the table below can be found the compara-
tive characteristics of the main differences and
advantages of the collagenase model in com-
parison to the blood injection model and in-
patient data. It is easy to see that most appropri-
ate model to represent the ‘natural’ mechanisms
of the hemorrhagic stroke is the collagenase
model.

Table

Comparative characteristics of the most used model of ICH and in-patients data

Factors Blood injection model CollagerI;laOsg;ln Jection In-human-process
Technique Injection model with 5-7 Collagenase injected slowly, | Due to the damage of the
minutes break giving the in one portion. The volume | vessel blood leaks into the
total volume up to 100 uL in | of portion is 1-3 uL. Colla- | surrounding brain tissue
2 portions genase affects basal lamina
of the blood vessel, thus
causing blood leak into the
brain tissue
Hematoma Autologous blood injection | Bacterial collagenase dis- Blood vessel disruption and
formation into the chosen region of the | rupts basal lamina of cere- | thus blood leak into the
brain without damaging the | bral blood vessel thus caus- | brain tissue
blood vessel wall and par- | ing the blood leak into brain
ticipation of its metabolities | tissue
Blood type The blood injected into the | Blood type is characterized |Blood type is characterized
brain tissue is represented as | by the vessel been involved, | by the vessel been involved,
venous or arterial mainly present mix type mainly present mix type
(both arterial and venous) (both arterial and venous)
Bleeding time Represents one large leak Continues most commonly | Continues most commonly
into the brain tissue, thus up to 24 hrs up to 24 hrs
doesn’t represent bleeding
WBC count, — — Increased within 24 hrs and
CRP stays elevated over 2 month
after incindence
Leukocyte Hypereosinophilia around | Hypereosinophilia around | Neutrophilic reaction can be
reaction hematoma on day 1, reach- |hematoma on day 1, reach- |observed within 5-8 hours
ing peak on day 2 and then |ing peak on day 2 and then |pos-incidence, cell migra-
decreasing decreasing. Neutrophilic tion 1-2 days
reaction within 4 hours post-
incidence.
Microglia Activated microglia can be | Activated microglia can be | Microglia/macrophages
activation observed withing 1-4 hours | observed within 1-2 hours in | infiltration starts about 3
in perihematoma region, the perihematoma region, days and lasts for several
reaching the peak at day 7 | reaching peak at day 7 and | years
and decreasing at day 28 decreasing at day 21
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Factors Blood injection model Collage&aosg;ln Jection In-human-process
Cytokines Increase in inflammatory Increase in inflammatory TNF-a, IL-1b, IL-8, IL-18,
molecules TNF-a, IL-1b molecules TNF-a L-selectin, E-selectin, P-
selectin, SICAM and
sVCAM are elevated
Reactive oxygen | ROS are present on day 1-3 | ROS are present on day 1-3 [ ROS can be found in peri-
species (ROS) in the perihematoma region | in the perihematoma region |hematoma region
Metalloproteases| MMPs can be found in acti- | MMPs can be found in acti- —
vated micro- vated micro-
glia/macrophages glia/macrophages
Technique Injection model with 5-7 Collagenase injected slowly, | Due to the damage of the
minutes break giving the in one portion. The volume | vessel blood leaks into the
total volume up to 100 uL in | of portion is 1-3 uL.. Colla- | surrounding brain tissue
2 portions genase affects basal lamina
of the blood vessel, thus
causing blood leak into the
brain tissue
Hematoma Autologous blood injection | Bacterial collagenase dis- Blood vessel disruption and
formation into the chosen region of the | rupts basal lamina of cere- | thus blood leak into the
brain without damaging the |bral blood vessel thus caus- | brain tissue
blood vessel wall and par- | ing the blood leak into brain
ticipation of its metabolities | tissue
Blood type The blood injected into the | Blood type is characterized |Blood type is characterized
brain tissue is represented as | by the vessel been involved, | by the vessel been involved,
venous or arterial mainly present mix type mainly present mix type
(both arterial and venous) (both arterial and venous)
Bleeding time Represents one large leak Continues most commonly | Continues most commonly
into the brain tissue, thus up to 24 hrs up to 24 hrs
doesn’t represent bleeding
WBC count, — — Increased within 24 hrs and
CRP stays elevated over 2 month
after incindence
Leukocyte Hypereosinophilia around | Hypereosinophilia around | Neutrophilic reaction can be
reaction hematoma on day 1, reach- |hematoma on day 1, reach- |observed within 5-8 hours
ing peak on day 2 and then |ing peak on day 2 and then | pos-incidence, cell migra-
decreasing decreasing. Neutrophilic tion 1-2 days
reaction within 4 hours post-
incidence.
Microglia Activated microglia can be | Activated microglia can be | Microglia/macrophages
activation observed withing 1-4 hours | observed within 1-2 hours in | infiltration starts about 3
in perihematoma region, the perihematoma region, days and lasts for several
reaching the peak at day 7 | reaching peak at day 7 and | years
and decreasing at day 28 decreasing at day 21
Cytokines Increase in inflammatory Increase in inflammatory TNF-a, IL-1b, IL-8, IL-18,
molecules TNF-a, IL-1b molecules TNF-a L-selectin, E-selectin, P-
selectin, SICAM and
sVCAM are elevated
Reactive oxygen | ROS are present on day 1-3 |ROS are present on day 1-3 [ ROS can be found in peri-
species (ROS) in the perihematoma region | in the perihematoma region |hematoma region
M MMPs can be found in acti- | MMPs can be found in acti- —
etalloproteases - f .
vated micro- vated microglia/macropha-
glia/macrophages ges
CONCLUSION Recent decades brought a variety of the ex-

As hemorrhagic stroke remains one of the
serious problems, the experimental models have
been designed to study the pathophysiology for
further investigation of possible interventions
into the process with subsequent clinical im-
provement. Although there are many different
experimental models used in a variety of differ-
ent animals, the favoured species for intracere-
bral hemorrhage is the rat due to its similarity in
characteristics to human brain architecture and
the relative cost-effectiveness of the model.
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perimental hemorrhagic stroke models in rats,
among which the most used ones are blood in-
jection model and collagenase injection model.
Despite these models are broadly used, there is
still no agreement on which model is better for
representing the hemorrhagic stroke process.
Hence a lot of comparing in between the mod-
els has been done, still none of the publications
have compared existing model to the processes
that take place in humans.

In correspondence to the review the main
aim for the intracerebral hemorrhage model
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should be reproducibility for further standardi-
zation and further precise conclusions on the
therapies investigated. The comparison of the
main mechanisms of the models, both mechani-
cal and pathophysiological showed that colla-
genase injection model remains the most ap-
propriate to the mechanisms present in stroke-

patients.

Standardization of the approach in experi-
mental hemorrhagic stroke, beginning with the
choice of model, is the primary goal for obtain-
ing comparable data, which obviously would
highlight further avenues of investigation.
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