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Abstract: The approach to reperfusion therapies in stroke patients is rapidly evolving, but there is
still no explanation why a substantial proportion of patients have a poor clinical prognosis despite
successful flow restoration. This issue of futile recanalization is explained here by three clinical
cases, which, despite complete recanalization, have very different outcomes. Preclinical research
is particularly suited to characterize the highly dynamic changes in acute ischemic stroke and
identify potential treatment targets useful for clinical translation. This review surveys the efforts
taken so far to achieve mouse models capable of investigating the neurovascular underpinnings
of futile recanalization. We highlight the translational potential of targeting tissue reperfusion in
fully recanalized mouse models and of investigating the underlying pathophysiological mechanisms
from subcellular to tissue scale. We suggest that stroke preclinical research should increasingly drive
forward a continuous and circular dialogue with clinical research. When the preclinical and the
clinical stroke research are consistent, translational success will follow.

Keywords: brain; ischemic stroke; reperfusion; futile recanalization; mechanical thrombectomy;

translational stroke research

1. Introduction

Intravenous thrombolysis (IVT) and mechanical thrombectomy (MT) are established
treatments proven to reduce disability after acute ischemic stroke by salvaging the brain.
Even in the case of complete vessel recanalization, some patients remain functional de-
pendent, which is thus called “futile recanalization” (FR) [1-3]. Moreover, some patients
develop early complications, among which hemorrhagic transformation (HT) and cerebral
edema (CE) are the most feared.

HT encompasses a broad spectrum of severity grades ranging from small areas of
petechial hemorrhage to massive space-occupying hematomas. From the clinical point
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of view, HT has been divided into symptomatic and asymptomatic, a distinction that is
important while evaluating the overall risk-to-benefit ratio of revascularization treatments.

CE is a severe complication of acute ischemic stroke and is the cause of death in
5% of all patients with cerebral infarction [4,5]. Edema causes tissue shifts and increased
intracranial pressure that can cause death, usually between the second and the fifth day
after stroke onset [6,7]. A large and potentially life-threatening infarct in the territory of the
middle cerebral artery is often called a malignant middle cerebral artery infarct [4]. If not
treated with reperfusion therapies, ~50% to 80% of patients with this condition die, despite
basic life support strategies. Surgical treatment by early decompressive hemicraniectomy
decreases mortality, and decompressive hemicraniectomy is recommended by leading
practice guidelines in selected patients [8]. Swelling and infarct growth each contribute to
total stroke lesion growth in the days after stroke and should be considered a predictor of
poor outcome even in patients with moderately sized stroke [].

A critical role in the molecular mechanisms determining HT and CE is the disruption
of the neurovascular unit (NVU), a dynamic terminal structure configuring an elaborate
vascular network. The NVU is composed of an arteriole and its endothelial cells, basal
lamina matrix, astrocyte end-feet, pericytes, astrocytes, neurons and their axons, and
supporting cells (microglia and oligodendroglia) [10,11], and allows neurons to regulate
micro vessels to support the metabolic needs of the tissue. The specialization and cellular
composition of the NVU varies spatially along the arteriole—capillary—venule axis in order
to allow local neurovascular coupling [12]. Indeed, more recently, a new concept of NVU
has been proposed, identifying this complex interaction of segmentally diverse functional
modules aimed to coordinate the entire brain vascular system, reacting to central and
peripheral signals to maintain homeostasis of the brain, in health and disease [13].

During the ischemic insult, NVU participates in the reperfusion battleground occur-
ring between the ischemic core and the surrounding salvageable tissue. Endothelial basal
lamina dissolution starts as soon as 2 h after the onset of ischemia and is rapidly followed
by an increase in Blood-Brain Barrier (BBB) permeability [14]. The early phase of BBB
leakage occurs at 6 h from symptom onset, while there is a delayed secondary opening
that occurs during the neuroinflammatory response (24-72 h after the ischemic insult). The
prevailing view attributes the biphasic increase in BBB permeability to the disintegration
and redistribution of tight junctions (TJs). However, recent studies suggest that increased
endothelial transcytosis precedes and is independent of TJs disintegration [15]. BBB dis-
ruption following ischemic stroke contributes to HT, CE, secondary injury, and mortality.
Clinical studies show no apparent increase in the risk of CE in ischemic stroke patients
receiving IVT. However, there is experimental evidence that IVT could impair the BBB and
contribute to reperfusion injury [16].

Age, stroke severity [17,18], and procedure delay [19], are the main predictors of FR.

Notably, the problem of selection for reperfusion therapies also persists after the intro-
duction of multiparametric imaging techniques, such as multimodal Computed Tomogra-
phy (CT) protocol and magnetic resonance (MR) imaging. These widely used techniques
include: 1—non-contrast CT (NCCT) to detect intracerebral hemorrhage and early ischemic
changes, quantified by a semiquantitative method known as ASPECTS (Alberta Stroke
Program Early CT Score); 2—CT Angiography (CTA) to identify the occlusion site and to
assess collateral circulation with a single-phase (sSCTA) or, better, multiphase (mCTA) tech-
niques; 3—CT perfusion (CTP) to define the size of infarct core and ischemic penumbra and
consequently their mismatch using its capability to discriminate the different functional
components of the ischemic area [20-24]. Likewise, MR findings can improve the ability
to select patients for novel treatment options properly by using experimental approaches
measuring selected biochemical parameters in the brain, in addition to the most common
sequences (i.e., perfusion and diffusion) [25,26]. Nonetheless, MR application in the clinical
field, despite being feasible, is constrained by the limited availability of this exam, which is
hard to reconcile in the context of a time-dependent disease [27]. Aside from clinical and
radiological parameters, blood biomarkers may also serve as a practical tool to represent the
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NCCT demonstrated an evolving infarct of the right MCA territory with hemorrhagic
transformation and 8-mm midline shift (Figure 1L). He underwent surgical hematoma
drainage with partial improvement. The patient was unable to walk and dependent on
daily activities at the 3-month follow-up.

Figure 1. Each row represents a single patient’s images derived in different modalities and timepoints (Case 1 presented
in (A-D), Case 2 in (E-H), and Case 3 in (I-L)). The first three columns on the left show the Non-Contrast-CT (NCCT),
multiphase CT Angiography (CTA), and CT Perfusion (CTP) performed at hospital arrival, while the last column on the
right displays the NCCT acquired at 24 h after stroke. On presenting NCCT (A,E,I) no early ischemic changes can be
seen in the brain tissue in Case 2 and 3 (ASPECT score = 10), while a tissue swelling was detected in the right insular
lobe in Case 1 (ASPECT score = 9, not shown). The mCTA images identified proximal (M1 segment) Middle Cerebral
Artery (MCA) occlusion in the left hemisphere in (B,F), and contralateral side in (J) (red arrows). CTP showed in all cases a
small infarct core corresponding to CBV lesion (red) and a large ischemic penumbra consisting of the difference between
MTT and CBV lesions (green), representing the expected “salvageable” tissue after recanalization. In these patients, CBV
lesion volume < 50% of MTT lesion size. All patients were treated with combined IVT and MT, obtaining a complete
recanalization, but the 24 h NCCT showed three different conditions: no ischemic lesion visible (D), complete MCA territory
infarct associated with a massive cerebral oedema (H), and a vast hemorrhagic transformation of the ischemic lesion.

The three cases presented here show rather different clinical-functional outcomes
despite similar neurological severity, neuroimaging at onset, and recanalization degree. Dif-
ferent treatment delays and clinical parameters might only partially account for differences
in outcomes. The potential causes underlying this phenomenon are probably multifactorial
but poorly understood. Ischemic changes at the tissue level appear to play a critical role
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and include reperfusion injury and ischemia-related microcirculatory dysfunction. It is of
paramount importance to understand in depth what is there inside the hypoperfused tissue
in order to find new predictors of clinical deterioration/FR and, consequently, specific
prevention strategies.

3. From Bench

In the past few decades, the development of animal stroke models helped dissect
the mechanism of neurovascular disruption as the main factor in determining the clinical
outcome.

Interestingly, rodent stroke models and study designs revealed numerous potential
targets for novel stroke therapies; yet subsequent clinical stroke trials failed to confirm
promising preclinical findings. In the past, the National Institute of Neurological Disorders
and Stroke (NINDS) tried to address these gaps, searching for new “vision and oppor-
tunities” in translational stroke research [30]. In line with their guidelines, a continuous
comparison between clinical and preclinical research is necessary in order to be able to
answer specific clinical questions.

With reference to the clinical cases presented, we aim to investigate to what extent
preclinical research can answer the following questions:

(1)  Are there experimental animal models capable of reproducing human LVO stroke
and subsequent recanalization? Are there animal models for age, sex, and comorbid
human conditions?

(2) Can animal stroke models assess early endpoints, such as hemorrhagic transformation
or cerebral edema?

(3) Which mechanistic insight could be given by preclinical research to explain the
different evolution of hypoperfused tissue?

In order to answer these questions, we have reviewed (A) the main preclinical models
of stroke, highlighting both the similarities with human LVO stroke and subsequent recanal-
ization, and possible limitations on the use of animal models; (B) how preclinical research
assesses the most frequent clinical complication (i.e., HT and CE); (C) how novel optical
imaging techniques can provide high resolution structural and functional investigations
thus help explain reperfusion consequences .

3.1. Experimental Animal Model of Occlusion/Reperfusion: Pros and Cons

Experimental stroke models are widely used to investigate the events associated with
both the cellular response within the ischemic or healthy cortical area and the mechanisms
of recovery in the peri-infarct regions. In particular, animal models of focal cerebral
ischemia allow identifying the critical cerebral blood flow thresholds responsible for cell
death, electrical failure, inhibition of protein synthesis, energy depletion, and thereby the
lifespan of the potentially salvageable penumbra [31].

Very common rodent models of ischemic stroke include the middle cerebral artery
occlusion (MCAO), endothelin, and photothrombosis. Each of those partially recapitulates
substantial features of human LVO stroke and recanalization, as described below.

The intraluminal suture of the middle cerebral artery (MCA, Figure 2) developed
by Koizumi et al. [32] and later modified by Longa and colleagues [33] has become a
widespread model of choice for mimicking middle cerebral artery occlusion (MCAO) in
rodents, due to the minimally invasive technique involved, and ability to allow reperfusion
post-occlusion [34]. This model is able to reproduce ischemic stroke and subsequent
neuronal cell death, cerebral inflammation, and BBB disruption [35,36]. The damage that
results from the interruption of blood flow is mainly in the striatum and cortex [33]. Such
extensive damage is akin to a malignant infarct in humans, which is frequently fatal
despite treatments [37]. Since this technique produces a considerable volume of potentially
salvageable penumbra (area with partial vascular flow) [38—40], it is a useful model for
investigating the impact of therapeutic approaches on either the volume or lifespan of the
penumbra or tissue salvage following the reperfusion [41,42]. Indeed, early restoration
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of blood supply is a major determinant of the severity of ischemic injury in humans [43]
and can result in the success of thrombolytic therapy following acute ischemic stroke
in some individuals [44]. However, the retraction of the suture in preclinical research
promotes prompt reperfusion of the MCA, whereas in human ischemic stroke, reperfusion
typically occurs gradually [45]. The prompt reperfusion induced in this model better
approximates what occurs in endovascular thrombectomy [46]. On the other hand, as
highlighted by clinicians, reperfusion can trigger deleterious biochemical processes that
may antagonize the beneficial effects of blood flow restoration [47,48]. In particular, the
recent study of Xu and collaborators [49] that compares rapid versus gradual recanalization,
highlighted that flow-controlled reperfusion could be a cerebro-protective strategy after
focal cerebral infarction, alleviating cerebral ischemia reperfusion injury, with the evidence
of significantly reduced neurological deficit, histopathological damage, infarct size, and
neuronal apoptosis in MCAO rats.

MCAO model

| PROS CONS |
BBB disruption Not model thromboembolisms
Damage in striatum Malignant infarct, frequently
and cortex fatal in humans
Penumbra Variability of infarct volume |
Reperfusion Rapid reperfusion

s

Figure 2. Schematic representation of intraluminal suture of middle cerebral artery occlusion (MCAO) stroke model, created
with Biorender.com (accessed on 1 September 2021). On the right pros and cons table of the model.

Though this model highly reproduces the reperfusion by endovascular thrombectomy,
it has several drawbacks, such as low reproducibility due to the variability of the infarct
volume depending on the size of the sutures. Another drawback of this model is that
considering the nature of blood flow interruption, it is not suitable to mimic thromboem-
bolism [36].

The endothelin-1 model of focal stroke (Figure 3) is based on the local application of
exogenous endothelin-1 (ET-1), a potent and long-active vasoconstrictive peptide, which
induces stroke and cell death after sustained vasoconstriction with reperfusion. The main
advantages of this model include the ability to perform the procedure quickly, to control
artery constriction by modulating the dose of ET-1 delivered, avoiding manipulation of the
extracranial vessels supplying blood to the brain, as well as gradual reperfusion rates that
more closely mimic the spontaneous and thrombolytic reperfusion in humans [50-52]. On
the other hand, the ET-1 model has disadvantages that include the need for a craniotomy,
as well as higher variability in stroke volume [53]. Another important consideration is that
although reperfusion is a common occurrence in human stroke, the duration of occlusion
for ET-1 induced MCAO may not closely mimic that of the human stroke where many
patients have partial reperfusion over a period of hours to days following occlusion [54,55].
Finally, it is unclear how much penumbral tissue this model produces.
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Figure 3. Schematic representation of Endothelin-1 stroke model, created with Biorender.com (ac-
cessed on 1 September 2021). On the right pros and cons table of the model.

In the photothrombotic model (Figure 4), a photosensitive dye, usually Rose bengal,
is injected systemically. A light source can be applied on the intact skull with no need
for craniotomy, which allows targeting any area of interest within the dorsal cortex in a
reproducible and non-invasive way. As a consequence of illumination, the dye is activated,
producing singlet oxygen; these oxygen intermediates induce endothelial cell membrane
peroxidation, leading to platelet adhesion and aggregation, and eventually to the formation
of thrombi which determine local cerebral flow interruption [56]. This procedure generates
a sizable volume of penumbra when assessed acutely with MRI [57]. Depending on
the procedure applied, the target of photothrombosis can be a single blood vessel or a
more extended region of the cortex. Indeed, photothrombosis is a non-canonical ischemic
model that is capable of inducing lesions in more superficial vessels. In spite of this, the
photothrombotic damage shares essential mechanisms occurring in human stroke. Similar
to artery occlusion in human stroke, platelet aggregation and clot formation determine
interruption of blood flow in the irradiated area [56]. Likewise, this model also shares
essential inflammatory responses as in MCAO [58]. Another important aspect of this
technique is that it allows the reperfusion of the occluded blood vessel [59,60]. Though
this alternative strategy is not common, a previous study has shown that illumination
with a low-energy-density ultraviolet laser is capable of inducing a vascular dilation of
the occluded blood vessel. These mechanisms facilitate the formation of microscopic
multiple, progressively enlarging channels in the thrombus that lead to recanalization
of platelet-occluded arteries [59,61]. This procedure induces a gradual increment of the
blood flow in the region of the brain downstream the targeted blood vessel. Indeed,
compared to the MCAO technique in which the removal of the intraluminal suture induces
a sudden restoration of blood perfusion [61], the disintegration of the obstruction with
light induces progressive reperfusion of the region downstream the occluded blood vessel.
This aspect represents a key value of this technique since it better approximates the effect of
thrombolytic therapies applied to humans. To conclude, the non-mechanical approach of
this model has the fundamental advantage of maintaining the dura mater intact, preserving
the intracranial pressure.
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Figure 4. Schematic representation of photothrombotic stroke model, created with Biorender.com (accessed on 1 September
2021). On the right pros and cons table of the model.

Limitations on Animal Models Use for Age, Sex, and Comorbid Human Conditions

Though many efforts have been made to develop animal stroke models resembling
human ischemia [30], biological variables such as age, sex, and comorbidities that pro-
foundly affect the clinical outcome in patients with ischemic stroke are very hard to
reproduce. Unlike the patient population usually enrolled for clinical trials, preclinical
studies are conducted in highly uniform groups of animals with a homogeneous genetic
background. Indeed, the more common use of healthy young-adult rodents allows the
scientific community to investigate basic shared pathophysiological mechanisms without
possible confounding effects of aging. Particularly in aged animals, long-term surviving
studies represent a hard challenge since the high mortality of the sample does not always
allow data to be collected at all time points. Indeed, since the mortality rate is related to
the infarct extension, the surviving animals are representative of a subgroup of the entire
cohort, the one with a moderate infarct size. Another important aspect that should be
considered in translational studies is that the aged brain not only responds to an insult or
injury differently but also exhibits less restorative capacity in comparison to the healthy and
young brain. Additionally, sex can influence both clinical consequences of ischemia and
dlinical approaches that can be applied. However, the use of females before menopause can
be affected by the estrogen’s interference, while the use of aged females after the cessation
of the estrous cycle represents only a more selective model for a restricted population.
Another challenge for preclinical trials regards the capability to build stroke animal models,
including comorbidities known to be possible contributing causes by clinicians. Indeed,
stroke occurs due to a variety of vascular pathologies and injury mechanisms, some of
which are difficult to model in animals. In this framework, several models of hyperten-
sion have been developed to investigate hypertensive cerebral damage, although these
models present severe disadvantages since the hypertension induced is limited in time
(usually weeks) and does not mimic the long-lasting impact on the brain of the human
disease [62]. Moreover, due to the age and/or the presence of comorbidities, the time
required to perform experiments dramatically increases [63]. In detail, the great effort of
preclinical research to reproduce pathological models of hyperlipidemia, obesity, diabetes,
just to cite a few of the most common comorbidities, requires that rodents have to be
maintained on a particular diet for several weeks/months. Moreover, precision surgeries,
such as intraluminal MCAO and embolic stroke, in aged rodents become methodologically
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challenging due to the physiological alterations of cerebral blood vessels [63]. The variation
of intraluminal blood vessel diameter requires modification of occluding filament caliber
according to animal weight [64]. Another technical complication related to the use of aged
animals consists in maintaining a constant level of anesthesia during the surgery [65-67].
Indeed, the use of common anesthetics, such as isoflurane and barbiturates, can both inter-
fere with several signaling pathways related to post-stroke treatment [68,69] and increment
the physiological cerebral blood flow [70]. In a recent study, Balbi and colleagues validated
the photothrombotic occlusion through a permanent transcranial window in awake mice
as a reliable stroke model free from anesthesia confounding factors [71].

Finally, several complications can occur after the surgery requiring careful and more
frequent post-surgery monitoring [63] and increasing the mortality of aged and comorbid
animals [72]. Some expedients can increase the success of these procedures. On the one
hand, the reduction in the occlusion time results in reduced mortality in the intraluminal
stroke model of aged and comorbid animals. On the other hand, different types of strate-
gies could be applied to induce an ischemic stroke. In particular, the photothrombotic
stroke model shows a reduced mortality rate compared to MCAO. For these reasons, up
to now, the combination of ischemia-related pathologies with animal stroke models still
presents substantial troubles. Given all of this, despite the aforementioned complications,
translational research would certainly benefit from implementing ischemia animal models
with biological variables. Although it has already been ascertained that age, sex, and
comorbidities are important factors to consider when establishing the efficacy profile of
individual intervention, up to now, most preclinical studies fail to evaluate their contribu-
tion, the main reasons being the high costs to acquire and maintain aged and/or comorbid
animals [63], in addition to the increased mortality of these mice after stroke. As a conse-
quence, the vast number of biological variables (i.e., age, sex, and potential comorbidities
and multimorbidity combinations) that characterize stroke patients and their combinations
are hard to be represented in experimental settings [73].

Nevertheless, preclinical research makes great efforts to develop animal models
that better resemble the multifaceted scenario of stroke patients by exploiting aging
animals [74-76], genetically modified animal lines [77-80], and novel fine-tuned exper-
imental protocols to overcome the complications of some procedures [64,71,79].

3.2. Hemorrhage and Edema Evaluation in Preclinical Research: From the Macro- to Micro-Scale
3.2.1. Ex-Vivo Studies

After cerebral vascular occlusion, many events occur as a direct consequence of the
blood flow reduction, such as energy failure, excitotoxicity, increase in intracellular calcium
levels, and generation of free radicals. Taken together, all these are potential causes of BBB
disruption, which leads to vasogenic CE, inflammation, and possibly HT after stroke [81].
While in clinics, HT and CE play crucial roles in determining patients’ prognosis, in animal
studies, the assessment of stroke severity is carried out through behavioral experiments
combined with lesion volume evaluation.

Nevertheless, many Ex Vivo and In Vivo experimental methods have been proposed
for assessing the disruption of the BBB in animal models [62,83]. More in detail, literature
in this field ranges from whole-brain approaches, such as magnetic resonance [84-86], to
single blood vessel investigation through in vivo fluorescence imaging [82,57].

In many studies, hemorrhage assessment is performed through ex vivo evaluation
exploiting staining that differentiates between metabolically active and inactive tissue [88]
or the diffusion of injected dye within the brain tissue [£3,89,90]. The first method, em-
ployed by Zhao and collaborators [$8], allows the evaluation of hemorrhage 24 h after the
acclusion of MCA by staining brain slices with a redox indicator, Triphenyl tetrazolium
chloride (TTC). More in detail, they evaluated the presence of hemorrhagic tissue in the
unstained slices, and then they compared the hemorrhagic tissue to the area of infarction
observed after the staining with TTC. They then quantified the hemorrhagic tissue through
a commonly used image analysis system. The second method also applied in vivo [91],
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employed the Evans Blue (EB) dye to estimate the extravasation. Since intravenously
injected EB binds serum albumin in vivo, the presence of blue-stained cerebral tissue,
assessed through an ex vivo evaluation, reveals the loss of BBB integrity and the extension
of extravasation (Figure 5A). The extension of BBB breakdown is estimated based on the
detection [84] or quantification [83,89,90] of EB diffusion into the brain tissue. To evaluate
the extension of EB staining, Stoll and collaborators [84] performed a qualitative morpho-
logic examination of fixed brain tissue after the induction of photothrombotic lesion in
rats at different time points. Then Park and colleagues characterized in a rat model of
subarachnoid hemorrhage the BBB permeability by applying spectrofluorophotometry [83]
and the brain edema by measuring brain water content 24 h after the injury. Though these
protocols offer a wide range of alternatives to evaluate the extravasation of EB, since all
these procedures are performed ex vivo, they do not allow evaluation at different time
points on the same animal.

Figure 5. Hemorrhage and edema evaluation in preclinical research: (A) Evaluation of Evans Blue extravasation at different
time points from the induction of photothrombosis. Modified from Stoll et al., 2008. (B) Representative images of T2-MRI
scans (+1.1 mm to —2.9 mm relative to bregma) in a mouse with small hematoma and a mouse with large hematoma at

6 h after induction of intracerebral hemorrhage. The boundary between hematoma and surrounding tissues is indicated
by a solid white line. Modified from Matsushita et al.,, 2013. (C) Upper left: red arrows depict the optical beam scan
pattern for three-dimensional 3-D imaging of the sample; upper right: 3-D volume of in vivo mouse brain rendered from
OCT volumetric scan; lower left: sagittal OCT intensity image of in vivo mouse brain and corresponding (lower right)
attenuation image. Scale bar = 0.5 mm. Modified from Rodriguez et al., 2014. (D) Depth projection images illustrate the

transient BBB disruption induced by microbubbles and focused ultrasound at 0.6 MPa (scale bar: 100 pum). Modified from
Nhan et al., 2013.

3.2.2. In-Vivo Studies

To overcome this significant limitation, different imaging techniques are applied to
perform in vivo evaluations of post-stroke hemorrhage and edema with different resolu-
tions and scales. Among all, MRI technology represents a methodological link between
clinical and preclinical research. The main advantage of high-resolution preclinical MRI is
that it provides a direct display of morphological changes in cerebral architecture linked to
HT and CE with high precision and non-invasiveness in the entire brain. Xiong and collab-
orators investigate cortical inflammatory edema in a rat model of stroke [536], exploiting
the capability of MRI to dynamically obtain detailed pathological information of neuronal
injuries and microglial reaction in vivo. Another study [92] described the progression over
time of brain injury exploiting the capability of MRI to extract quantitative and qualitative



