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SAH Models: Review, New Modification,
and Prospective
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Abstract Subarachnoid hemorrhage (SAH) is a devastating type of hemorrhagic
stroke. It is characterized by spontaneous or traumatic bleeding in the subarachnoid
space and is associated with a high rate of morbidity and mortality. A reproducible
animal model of SAH that mimics the acute and delayed brain injury history after
SAH will be an invaluable tool for exploring the underlying mechanisms of
SAH-induced brain injury and evaluating potential therapeutic interventions. At
present, a number of models have been developed, mainly the double injection
model and the endovascular puncture model. While different species have been
studied, rodents have become the most popular and widely utilized animal subjects.
In this summary, we will explore in detail the various models and animal species.
We will also introduce the emerging modified model, which was recently devel-
oped within the past 5 years, and discuss the prospective study.

14.1 Introduction

When healthy persons are suddenly seized with thunder pains in the head, quickly
laid down speechless, and breathing with stridor, they die in 7 days. It was the
earliest known description of subarachnoid hemorrhage (SAH) from Hippocrates.
A World Health Organization report found the annual incidence of aneurismal SAH
ranges from 2.0 to 22.5 cases per 100,000 population in age-adjusted adults
[1]. Although SAH accounts for only 5 % of all strokes, its burden on society is
relevant due to the young age at which it occurs, high mortality and disability, and
poor outcomes [2]. Despite obliterating the offending aneurysm and removing the
risk of rebleeding, the median mortality rate of SAH in epidemiological studies
from the United States is 32 %, although this statistics does not fully account for
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prehospital deaths from SAH [3]. The hope of improving SAH patient outcomes has
not been realized. Hence, further studies on the pathophysiology of SAH remain
highly valued.

Recently, the theory that cerebral vasospasm is the only cause of brain injury in
SAH patients is being increasingly questioned, and hypotheses of other mecha-
nisms contributing to early or delayed brain damage are being discussed
[4]. Delayed vasospasm was regarded as the single most important, treatable
cause of mortality and morbidity after SAH. However, disappointing results from
an endothelin receptor antagonist treatment, clazosentan, were observed in
CONSCIOUS-2 trials [5]. Clazosentan succeeded in steering patients out of vaso-
spasm in a randomized, double-blind, placebo-controlled, phase III trial
(CONSCIOUS-3), but failed to reduce mortality [6]. Currently, more attention
has been focusing on global cerebral injury within 72 h post-ictus, which was
termed early brain injury (EBI) [7]. Multifactorial pathophysiological processes
are considered to be the important triggers in SAH-evoked EBI, which involve
acute elevated intracranial pressure (ICP), reduction in global cerebral blood flow
(CBF), brain edema, oxidative stress, inflammation, and apoptosis [8]. Hence, it is
very important to design and utilize a suitable model according to the intended
research purpose.

Ideally, studies on the pathogenesis and treatment of SAH should be using
human cerebral arteries. However, using live human vessels is clearly not possible
in in vivo experimental studies. In addition, only a little information can be obtained
from postmortem evaluation of arteries taken from humans that died from SAH
[9]. Moreover, there are no naturally occurring animal models of SAH. Hence,
animal models of SAH in various species have been developed for this purpose. The
first SAH model was invented in 1928. They infused blood into the subarachnoid
space of a dog to simulate the lesion occurring in humans, where a small amount of
blood escapes into the subarachnoid space. After its introduction, many techniques
have been used to deliberately produce SAH in animals that recapitulate this vexing
problem in humans [10]. So far, several animal species and SAH models have been
developed to better understand SAH pathophysiology, including monkeys,
baboons, pigs, rabbits, dogs, cats, rats, and mice [11]. Among those species, the
rat is excellent for mimicking SAH because it is relatively inexpensive, easy to
manipulate in a laboratory setting, and has been extensively studied. However, no
animal model perfectly mimics the phenomenon of EBI and cerebral vasospasm in
humans after SAH.

In this review, we will describe both the existing and emerging models and
compare their advantages and disadvantages in order to help you choose the most
suitable models for your aim.
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14.2 In Vivo Models

In vivo experimental models have been used to investigate diverse aspects of SAH,
including its natural history, pathophysiology, diagnosis, and treatment. More than
50 different experimental models have been identified with the aim of reproducing
the clinical sequelae after SAH. These models used two major techniques to
simulate SAH: (1) an artery was punctured, allowing blood to escape and collect
around the artery and neighboring vessels; (2) an artery was surgically exposed and
autologous blood, obtained from another site, was placed around the artery.

14.2.1 Vessel Dissection and Puncture Model

SAH is often elicited by aneurysmal rupture in humans. To closely mimic the
human situation after SAH, many different bleeding techniques have been proposed
and applied in several species, including mice, rats, rabbits, dogs, primates, cats,
pigs, and goats [12].

The vessel avulsion in dogs was the first model used to characterize the biphasic,
vasospastic response of large cerebral arteries after SAH [13]. The authors left a
suture in the anterior cerebral artery (ACA) by a 4-0 silk loose ligature. Then
pulling the suture in the external ear canal produced the ACA rupture. More
importantly, they observed a biphasic phenomenon of SAH-induced vasospasm
using this experimental technique. The acute phase occurred within minutes of the
rupture and lasted no more than 1 h. The chronic phase occurred 3-24 h after the
catastrophic hemorrhage and lasted for days. One clear advantage of this model is
the biphasic phenomenon occurred repeatedly within the animals as they were
awake, which mimics the clinical situation of sudden unconsciousness seen in
humans. However, neurological function in this model was highly variable. A
similar technique was performed to observe a biphasic vasospasm by Nagai and
colleagues [14]. Willis circle was explored after a left subtemporal craniotomy. A
threaded needle (~0.33 mm) was left in the posterior communicating artery (PCoA)
to induce SAH. Their results suggested rapidly increased ICP seemed to be a crucial
factor in producing diffuse early spasm. Asano et al. also performed the internal
carotid artery (ICA) avulsion model by withdrawing a needle that was previously
inserted into the ICA through a small craniectomy in the lateral base of the skull in
dogs [15]. They observed the biphasic ICP pattern, which resulted in reactive
hyperemia after the first ICP peak and failure to recover adequate CBF and EEG
after the second, prolonged ICP elevation. Thus, they suggest an important role for
the no-reflow phenomenon in the acute stage of SAH.

With the development of endoscopic methods, the preferred species in SAH
studies changed from dog to murine. Murine became the most commonly used
animals for SAH induction. Murine are relatively cheap and convenient for housing
care and surgery. They also provoke less opposition from animal rights groups.
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Several early models that focused on vasospasm involved basilar artery puncture
through the midline portion of clivus. In 1979, Barry et al. first tried to induce SAH
by developing a lesion around the wall of the basilar artery with a stereotactically
controlled tungsten needle, thereby emulating the natural occurrence of SAH. They
controlled bleeding under an operating microscope, which is helpful in making a
consistent and reproducible model [16]. Most importantly, this study determined
the suitability of the rat for SAH models, although there were some deficiencies.
The basilar artery puncture method of experimental SAH in rats holds promise for
studying the chronic changes in CBF in the telencephalon, but it failed to produce
chronic cerebral vasospasm and delayed cerebral ischemia [17]. It is widely
accepted that the models utilizing transclival puncture of the basilar artery produce
vasospasm 24 and 48 h after surgery and return to baseline after 72 h. However, the
model presented several limitations, including the need for craniotomy and
arachnoidal dissection or surgical placement of an infusion catheter, small and
slow elevations of ICP, and limited blood distribution. To overcome these disad-
vantages, one new rat SAH model was developed, the endovascular suture tech-
nique [18, 19]. The endovascular perforation results in a very rapid and
reproducible elevation of ICP, which is detectable from the beginning to 72 h
after SAH [20, 21]. The endovascular perforation model exhibits pathological
characteristics, such as rupturing of the main cerebral artery with arterial bleeding,
and the model produces more profound pathophysiological and histological
changes to the brain and cerebral vessels. The surgical procedure involves perfo-
rating the ICA near its intracranial bifurcation between the ACA and the middle
cerebral artery (MCA) by means of a sharp ended 3—0 or 4-0 monofilament suture
inserted through the stump of the external carotid artery (ECA). The suture passes
through the common carotid artery (CCA) bifurcation and into the ICA. The
filament is advanced distally into the intracranial ICA until resistance is felt and
then pushed 2—5 mm farther to perforate the artery. Subsequently, the suture is
withdrawn, producing SAH. The endovascular perforation model is able to repre-
sent clinical situations because it mimics intracranial aneurysmal rupture with a
considerably high mortality ranging between 30 and 50 % after 24 h [22]. The best
advantage of this puncture model is it does not require a craniotomy. Recently, the
puncture SAH model is believed to better mimic the pathophysiological events after
aneurysm rupture with a mortality rate similar to the clinical catastrophe seen in
humans (40-50 %). Hence, of all the vessel puncture or avulsion models, the
endovascular perforation model is very popular and most widely applied, especially
in translational studies, although uncontrollable blood distribution is a well-known
weakness of this model. In this approach, the types and sizes of the filament used to
perforate a cerebral artery seems to be correlated with the amount of extravasated
blood [23-25]. Some researchers tried to control the bleeding by keeping the suture
in the artery, but they failed because ischemic development complicated the model.

Numerous transgenic mice have been generated, which are strong research tools.
The transgenic mice are able to isolate a single gene product by either nullifying or
augmenting gene expression. The transgenic models not only have the potential to
provide insights into disease mechanisms but also are useful tools for testing new
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treatments for SAH. The inherent technical difficulty, however, in establishing a
simple, reliable, and reproducible model in mice is the small size of the animal.
With the development of microsurgical technology, the puncture technique was
also adapted to mice. A mouse SAH model was produced by endovascular arterial
rupture in the bifurcation of the ACA and MCA [26]. Recently, the therapeutic
effect of some drugs against EBI was examined based on the mouse endovascular
puncture model [27, 28]. Overcoming the apparent technical impediments in
establishing a mouse model of SAH would be considerably valuable. Increased
efforts should been directed toward developing a simple, reliable, and reproducible
mouse model of SAH.

Non-human primates are very close in genome, anatomy, and physiology to
humans, thus the models of SAH in non-human primates are believed to be the best
candidates for replicating clinical SAH. The puncture monkey model through a
small anterior craniotomy was first reported in 1968 [29]. A penetrating insult to the
wall of a major cerebral vessel is sufficient to induce long-standing constriction in
monkeys. Puncturing the ICA in primates can produce acute and delayed vaso-
spasm [30]. However, a craniotomy is needed and delayed vasospasm was found in
only 65 % of cases. More importantly, non-human primate models are usually time-
consuming and demand complex surgical manipulation, such as anesthesia, angi-
ography, and craniotomy.

Taken together, the endovascular perforation model (a non-craniotomy model)
is believed to closely mimic the acute pathophysiological changes of an aneurysmal
rupture in humans [25, 31] and was, therefore, selected for the investigation of EBIL.
However, the lack of control over the hemorrhage volume, resulting in a high
morbidity and mortality rate, significantly impacts its use for therapeutic studies.

14.2.2 Blood Injection Model

The blood injection model, which directly injects blood into the subarachnoid
space, is another widely used technique for inducing experimental SAH. This
technique is able to elicit early and delayed vasospasm in a variety of species,
although its presence depends on the site of injection.

In 1961, autologous blood was injected into the chiasmatic cistern using a small
needle, which was the first to report a “one-hemorrhage” SAH experimental model
[32]. It appears some animals had severe injuries with SAH symptoms. After 1 year,
another new method was introduced to inject blood into the chiasmatic cistern using
a needle passed under the zygomatic arch and directed toward the optic foramen.
This and subsequent studies using the same model in dogs were used to analyze the
effects of dehydrating agents in increased ICP [33, 34]. Also, primate models of
SAH utilizing blood injection into the chiasmatic cistern through a transfrontal
approach generally have high success rates of inducing cerebral vasospasm and
producing high mortality rates, although scarce data have been reported on mortal-
ity and neurological scores [35]. Moreover, the prechiasmatic injection model in
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experimental rats was a suitable candidate to study the acute phase after SAH [36],
because it produced a sudden increase in ICP to MABP levels, a significant
decrease in CBF, and substantial neuronal death, even when observing the distri-
bution of blood clots in the basal cisterns. Additionally, more than 90 % of SAH
cases resulted from rupture of an aneurysm in the anterior circulation [37]. In some
studies, however, the biphasic pattern of vasospasm was present only in small
subgroups of animals after injecting fresh blood into the chiasmatic cistern through
the optic canal following orbital exenteration, and the neurological deficits were
none or only lasting a few hours [38].

To overcome the weakness of the chiasmatic cistern infusion model, a
pioneering model was performed by means of blood injection into the cisterna
magna in a small group of cynomolgus monkeys [39]. In this study, vasospasm
seemed more pronounced with whole blood compared with serotonin, which
corroborated with Echlin’s opinion that “other factors, not serotonin, in blood
cause vasospasm” [40]. The study also demonstrated that introduction of blood
into the cisterna magna induced at least as much or more constriction in the MCA
than other intracranial arteries. Another line of investigation utilized the injection of
autologous erythrocyte hemolysate into the cortex of mice. The arteries in the
subarachnoid space were not directly assessed for vasospasm in this study. How-
ever, it is noteworthy that the hemolysate did not reach the basal cisterns and the
acute mortality rate was 16 % [41]. In addition, vein blood obtained from a dog leg
was injected into the cisterna magna, the subarachnoid space over the cerebral
hemispheres, and, occasionally, the cerebral ventricles. Dogs with injected blood
exhibited an altered clinical course as SAH patients, and pathological changes were
observed in stained sections of their brains. The single blood injection model had
observed maximal narrowing on days 2—4, but the double injection model had
observed maximal narrowing on days 7-10 [12]. To improve the success rate,
repeated injections of blood into the basal cisterns in the head-down position
after injection was stressed to induce cerebral vasospasm, worsen neurological
status, and create dysfunctional autoregulation [42]. In order to increase the preci-
sion of blood injections, stereotactic methods and catheter implantations were
encouraged [43]. The next major advancement in the development of an SAH
model was created by Varsos and collaborators [44]. They performed double-
injections of autologous blood into the cisterna magna 48 h apart via small-gauge
needles in dogs. The “two-hemorrhage” model was certified for better simulating
vasospasm and has been used most frequently in inducing vasospasm after SAH.
This double-injection model resulted in cerebral vasospasm development in 100 %
of animals. This slight modification is a great step in the field of vasospasm study.
This model also demonstrated an acceptable mortality [45]. The simplicity makes it
a widely applied technique. However, there are some considerable drawbacks:
(1) after injection of blood into the cisterna magna, neurological functioning
usually remains intact, and the mortality rate is surprisingly lower than in humans,
(2) because leakage of a considerable amount of blood during injection and after
removal of the needle leads to an insufficient quantity of subarachnoid blood around
the circle of Willis, even with the use of hemostyptic materials, the possibility of
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excluding animals is high, (3) this model requires two large surgeries to expose the
femoral artery and the atlanto-occipital membrane. The second blood injection
24 or 48 h after the initial injection, which is obscured by the discolored and
nontransparent dura mater, increases the risk of severe injury to the brain stem or
cerebellum [46].

In conclusion, the double hemorrhage model represents a well-established
experimental model frequently employed for delayed cerebral vasospasm, mainly
defined by proximal vessel narrowing and neurological deterioration observed in
the clinic. The great advantage of the SAH injection model is it allows for close
control of subarachnoid blood volumes [47] and has a low morbidity and mortality
rate, which are criteria for an ideal animal model [45].

14.3 In Vitro Model

Generally, there are two kinds of compounds that could produce delayed vasospasm
after SAH: (1) some compounds or their metabolites found in blood, such as
hemoglobin (Hb) and bilirubin oxidation products (BOXes), and (2) compounds
regulated or induced from production of blood around blood vessels directly or
indirectly from blood itself, blood vessels, or brain, such as endothelin or nitric
oxide [48]. Neuron, astrocyte, and vascular smooth muscle cells were grown in
culture and exposed to those compounds to mimic an in vitro model of SAH
[49]. Vascular smooth muscle was predominantly used from CSF in SAH patients
to force generation and reserve oxidative stress for vasospasm, but it is histologi-
cally, metabolically, and functionally abnormal in vessel walls. However, there are
no good alternatives for in vitro SAH modeling that equal in vivo models.

14.4 Emerging Modified Models in the Last 5 Years

A CCA-prechiasmal cistern shunt model was established in which the SAH severity
could be controlled by changing the bleeding time [50]. However, this model has
uncontrolled pressure, is time-consuming, and demands delicate surgical manipu-
lation. Fortunately, a closed-cranium ICP-controlled rabbit SAH model was
performed using an extra-intracranial blood shunt from the subclavian artery into
the cerebromedullar cistern [51, 52]. The blood shunt rabbit SAH model can mimic
both EBI and vasospasm, eliciting acute physiological derangements, provoking
marked and consistent early damage to the brain 24 h post-surgery, and triggering a
high degree of delayed cerebral vasospasm. These findings make this model a valid
tool for investigating pathophysiological mechanisms and novel treatment modal-
ities for SAH. An advantage of this model is the consistent ICP, which is a desirable
characteristic in an experimental SAH model. The initial event of increased ICP is
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considered to be crucial for early physiological derangements that are responsible
for acute brain injury in aneurysmal SAH.

Another modification rat SAH model was presented by percutaneous injection of
autologous, non-heparinized blood into the intracisternal space [53]. Once anesthe-
tized, rats were fixed in a prone position in a stereotaxic frame. After finding the
projection of the occipital bone, the needle is advanced toward the foramen
magnum until it punctures through the atlanto-occipital membrane and obtains
cerebrospinal fluid. Autologous blood was withdrawn from the tail and injected
intracisternally. The average time between obtaining the blood and the start of the
injection was very short, so the model did not require treating the blood with
heparin to avoid coagulation at the time of injection. It could reduce the effect of
Heparin in SAH models, since Heparin can reduce neuroinflammation and neuronal
apoptosis [54]. This model is simple to perform, minimally invasive, quick, repro-
ducible, and has low mortality, which makes it suitable for future studies on
vasospasm-related delayed SAH complications.

The classical double injection model requires twice large surgeries to expose
both the femoral artery and the atlanto-occipital membrane, which induces severe
damage. To overcome these weaknesses, Dusick et al. set out to refine a minimally
invasive modification that prevents confounding effects of surgical procedures,
reduces leakage of blood from the subarachnoid space, and minimizes risk of
infection [55]. The rat was placed prone with the head downward to 90° in a
stereotactic frame, so that the cisterna magna was aligned with the intermeatal
line. An angiocatheter is advanced in a vertical trajectory level with the external
auditory canals. The needle is slowly advanced to puncture the atlanto-occipital
membrane and observed for CSF. A syringe withdraws a small amount of CSF and
the blood is injected into the subarachnoid space. After 24 h, the procedure was
repeated. This model was feasible and produced neurological deficits as previous
double-injection models. It consequently appears to be an excellent platform for
future laboratories to study neuroprotective treatments for delayed vasospasm and
neurological dysfunction following SAH.

A modified SAH model was presented in mice [56, 57]. Briefly, under general
anesthesia, animals were flipped into the prone position. A mechanical support was
placed under the clavicles to position the head flexed at a 30° angle. Using a
surgical microscope, the posterior cervical muscles were initially dissected through
a suboccipital midline skin incision. The transparent atlanto-occipital membrane
and an underlying intracisternal vein were exposed. Blood was allowed to transect
from the vein to the subarachnoid space through a pair of microjewelers. This
procedure has the advantage of requiring surgery at only one site. The model not
only inherited the advantages of currently used mouse models of vasospasm but
also streamlined the procedure without losing reliable vasospasm development.

To circumvent the disadvantages of directly injecting blood into the cisterna
magna, especially those related to the blind nature of the second injection, this
study, based on the method from Solomon et al. [58], employed the injection of
autologous blood into the cisterna magna via a thin catheter, which was carefully
implanted through a small burr hole in the parieto-occipital. The catheter was left in
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position with a tight-fitting, flexible inner wire, allowing for SAH induction that is
several times safer. Autologous blood was aspirated from a tube in the left femoral
artery. Consequently, one strength of this model is its low mortality rate, only
1.5 %. Furthermore, the authors observed a lower blood volume resulted in a lower
mortality rate. This low-mortality, double hemorrhage model seemed to be suitable
for studying both acute and chronic injury after SAH [46].

14.5 Future Direction of the SAH Model

A suitable animal model to optimize the pathophysiology of SAH in humans
remains a challenge. The limitations of recent models must be carefully considered.
We propose some aspects to improve the SAH model for successful translation of
pathophysiological concepts and therapeutics from bench to bedside.

Previously, neurovascular unit was restricted to endothelial cells, neurons
and glia within millimeters of the cerebral capillary microcirculation. We now
highlighted the roles of vascular smooth muscle, endothelial cells, and perivascular
innervation of cerebral arteries in the neurovascular unit to prevent and progress the
stroke. We also proposed that the vascular neural network should be considered the
key target for therapeutic intervention after cerebrovascular damage in future [59].

All recent models aimed to mimic EBI and delayed vasospasm. However, little
literature focused on long-term studies. Since one-third of SAH patients will
survive and suffer with long-term disabilities, we should pay more attention to
long-term SAH studies. Thus, a suitable model for long-term SAH study should be
developed.

SAH is well known for inducing hydrocephalus, seizures, and other complica-
tions. Most studies report an overall 20-30 % incidence of hydrocephalus after
SAH [60]. Those complications are often associated with unfavorable outcomes
[61]. However, animal models focusing on complications after SAH are very rare.
Future studies should differentiate suitable models in detail that target those
complications.

SAH is also associated with weakness, fatigue, sleep disturbances, anxiety,
depression, posttraumatic stress disorder, as well as cognitive and physical impair-
ment [62]. Symptoms of depression and/or posttraumatic stress disorder have been
shown to be present up to 41 % of post-SAH patients. Those symptoms are usually
associated with white matter injury. The mechanism of post-SAH white brain injury
remains unclear, possibly due to the lack of experimental studies. Thus, there is
great need for development of animal models for post-SAH white matter injury.

Genome-wide association studies have identified novel genetic factors that
contribute to intracranial aneurysm susceptibility. Hence, it is possible to produce
an aneurysm on cerebral vessels experimentally using genetic technology [63]. We
can study aneurysmal SAH using transgenic mice, which is close to the whole
natural history in SAH patients.
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14.6 Conclusion

In conclusion, although there are no ideal models or animal species that can mimic
the natural history in SAH patients, each model can be used to study certain aspects
of the pathophysiological process behind SAH. At present, there are no good
alternatives for in vitro SAH modeling that equal in vivo models. Furthermore,
future models focusing on complications after SAH are needed to improve SAH
research and develop better outcomes for SAH patients.
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