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Why can we still not translate preclinical research to clinical treatments for acute strokes?
Despite > 1000 successful preclinical studies, drugs, and concepts for acute stroke,
only two have reached clinical translation. This is the translational block. Yet, we continue
to routinely model strokes using almost the same concepts we have used for over
30 years. Methodological improvements and criteria from the last decade have shed
some light but have not solved the problem. In this conceptual analysis, we review
the current status and reappraise it by thinking "out-of-the-box" and over the edges. As
such, we query why other scientific fields have also faced the same translational failures,
to find common denominators. In parallel, we query how migraine, multiple sclerosis,
and hypothermia in hypoxic encephalopathy have achieved significant translation
successes. Should we view ischemic stroke as a "chronic, relapsing, vascular" disease,
then secondary prevention strategies are also a successful translation. Finally, based on
the lessons learned, we propose how stroke should be modeled, and how preclinical
and clinical scientists, editors, grant reviewers, and industry should reconsider their
routine way of conducting research. Translational success for stroke treatments may
eventually require a bold change with solutions that are outside of the box.

Keywords: failure of translation, translational block, stroke, translational success, interdisciplinary, clinical,
preclinical, experimental stroke models

INTRODUCTION – THE PROBLEM OF TRANSLATIONAL
FAILURE IN STROKE

Stroke remains the third leading cause of death in industrialized countries (Dirnagl et al., 1999).
The literature is saturated by >1000 effective preclinical studies in acute stroke research (O’Collins
et al., 2006), yet almost none are successfully transferred to the acute clinical routine. This is the
well-known translational failure or block in stroke research (Endres et al., 2008).

The "basket" of stroke translational failure so far includes neuroprotective agents (O’Collins
et al., 2006), stem cells (Borlongan, 2019), or even novel immunological treatments (Elkins et al.,
2017), despite rigorous or/and large preclinical effect sizes. Yet we keep on modeling acute stroke
and experimenting using, in most cases, the same concepts based on widely cited models. Is this
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the right way to continue and progress or do we simply need to
critically reassess how we model ischaemic stroke?

The fact is that many pathophysiological principles of stroke
were actually discovered in translation (Dirnagl and Endres,
2014). Failed clinical trials for acute stroke were probably
based on rather weak preclinical evidence or inappropriate
models (Drieu et al., 2020). If we consider stroke a "chronic,
relapsing" disease, with multiple repeating small or large ischemic
insults, then secondary prevention counts for several successes
(Kernan et al., 2014). On the other hand, the differences
between preclinical rodent modeling and clinical routine
practice in human acute stroke are significant (Corbett et al.,
2015). Nevertheless, preclinical research has several translational
success stories, such as the case of experimental autoimmune
encephalomyelitis (EAE) – multiple sclerosis (MS), migraine,
and hypothermia in hypoxic-ischaemic encephalopathy (HIE). In
addition, existing recommendation papers and consortiums [e.g.,
ARRIVE (Kilkenny et al., 2010), STAIR (Corbett et al., 2017),
STEPS (Savitz et al., 2011)] have repeatedly proposed pathways to
success. However, either few groups worldwide are implementing
these guidelines or we are still missing some of the factors that are
involved in failure.

Hence, we provide here a critical, interdisciplinary, and
revisionary overview of stroke translational failure, taking into
consideration lessons from “success stories” and “failed concepts”
in neuro-research. We argue that translational failure is also the
rule in ischaemia of other organs, such as myocardial infarction.
Collectively, we believe that translational failure probably lies in
fundamental components and "false" choices in the laboratory
and clinical research. If we want to succeed, we need to
improve not only the current technical hurdles in contemporary
neurosciences, but also the way we put our question into
perspective (Kola and Landis, 2004; Duda et al., 2014; Garner,
2014; Alteri and Guizzaro, 2018).

“We can’t solve problems by using the same kind of thinking we
used when we created them.”

Albert Einstein (1879–1955)

TRANSLATIONAL ROADBLOCK IN
BRAIN ISCHAEMIA: SUMMARIZING THE
CURRENT STATUS, UNDERSTANDING
THE PROBLEM

The translational block in acute stroke has two key aspects. One
is the inability of effective preclinical treatments to successfully
reach clinical practice in humans. The other is the failure of
clinical advances and routine therapeutic applications in Stroke
Units to reach and change the way stroke is modeled in
preclinical research routine. To put it differently, the blockage
lies in missing or ineffective cross-talk between the preclinical
side of stroke (which works with cell cultures, cells slides,
rodents, and on rare occasions primates, and is usually guided
by mechanism-based data for discoveries; Box 1, the typical
rodent stroke “patient”), and the clinical side of stroke (which
treats patients, designs and runs clinical trials and is guided by

clinical and evidence-based data for decisions; Box 1, the typical
human stroke patient). In pragmatic terms (Box 1), the typical
stroke clinician is rarely a translational scientist and does not
incorporate non-"translational" preclinical concepts into clinical
routine and decision-making processes for patients. Similarly, the
typical neurobiologist is rarely familiar with the clinical reality
and clinical needs of stroke and rarely translates clinical advances
into experimental routine (Yarborough and Dirnagl, 2017).

Preclinically, in vivo modeling of ischaemic stroke is
mainly conducted in rodents (mice and rats) via three
main experimental approaches (intraluminal, extraluminal, and
chemical), summarized in detail in Table 1 (pros/cons, technical
pitfalls, and translational significance) and extensively reviewed
elsewhere (Carmichael, 2005; Howells et al., 2010; Fluri et al.,
2015). Among all rodent models, the filament – or thrombus –
MCAo (fMCAo or thMCAo) model and – under certain
conditions – the photothrombotic model fulfill the prerequisite
for "closed sterile head injury" and are probably closer to human
ischaemic stroke. Additionally, the fMCAo and thMCAo are
also the only ones that model recent recanalization advances
in stroke. Stroke modeling in large animals (Table 2), such as
non-human primates, ovine, porcine, and canine – though rarely
used, in only a few selected laboratories in the world due to
significant practical and ethical restrictions – possesses significant
advantages as a "second species" in the translation pipeline for
stroke therapies (extensively reviewed in Cai and Wang, 2016;
Sorby-Adams et al., 2018; Kaiser and West, 2020). Others have
also provided evidence that the rabbit small clot embolic stroke
model (RSCEM) may correlate better with human brain time-
windows, and probably should be used before decisions are
made to authorize the clinical transfer of any novel treatment
(Lapchak, 2010). In vitro cultures or brain slices from rodents
as models of hypoxia are useful only as "add-on" methods to
study isolated molecular pathways and genetic expression on cell
substrates, considering all the limitations of such extra-corporal
methods that lack the physiological cross-talk between the brain
and the body (Honegger, 2001; Lo, 2014; Sunwoldt et al., 2017).
Eventually, the selection of an appropriate model and type of
study (screening, discovery, mechanistic, proof-of-concept or
effectiveness of new treatment) (Gannon, 2014) may determine
the result of translational research (Kola and Landis, 2004; Shanks
et al., 2009; Howells et al., 2010; Dalgaard, 2015). A discovery or
mechanistic preclinical study on cells or small rodents, studied
for 24 h post-infarct, should not per se "claim" translational
effectiveness in a human stroke patient (Gannon, 2014).

Clinically, the field of stroke trials also faces pitfalls, which
are also found in other diseases (Lowenstein and Castro,
2009). Systematic errors and bias, such as recruitment of
patients according to their ability to consent (Lowenstein
and Castro, 2009), recruitment of "ideal" patients with less
severe symptoms (Hotter et al., 2017), false-positive Phase
II studies due to inappropriate time window of treatment
or inappropriate outcome measures, studies that may not
translationally consider significant preclinical neuropathological
mechanisms, and improperly designed extensive Phase III studies
with negative results (Dirnagl and Endres, 2014), are just
some of these. Results based on oversimplified but easy to
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BOX 1 | The typical preclinical and clinical “patients” with ischaemic brain stroke.

The typical preclinical stroke “patient”: a mouse in a laboratory The typical clinical stroke patient: a human in the hospital

A 10–14 weeks old healthy male mouse (equivalent to a
12–16-year-old teenager), with no history of cardiovascular risks (i.e.,
smoking, diabetes, hypertension, high fat diet, hyperlipidaemia, heart
disease, old age) nor exposure to environmental microbiota or
antigens receives a planned stroke. The “patient” is operated on
within 15 min by an expert technician or researcher using the fMCAo
technique (the closest model to human vessel occlusion), develops
ischemia for exactly 1 h in the area of middle cerebral artery (MCA)
with a known and defined collateral vasculature defined penumbra and
core lesion and the vascular territory is reperfused within 1 h by filament
retraction. The “patient” receives the new drug exactly on
reperfusion or in best case scenario within 2 h of ischemia induction.
The “patient” is then return to his “ward” (cage) with minimal/no
nursing or feeding support, minimal or no fluid replacement, no
medical support, no further administered drugs (i.e., no aspirin, no
beta-blockers, no blood pressure correction, no statins, no
brain-oedema treatment, no treatment of infections) and no
temperature control. In 3–4 days post-stroke the “patient” dies
(70–90% mortality in cases of big MCA-infarcts) (Lourbopoulos
et al., 2017) or lives with minimal to moderate lesions. When the
preclinical question is “differences in infarct volume” the “patients” are
sacrificed within 24–72 h and all peripheral systemic effects of stroke
are usually neglected. Eventually, the drug is judged effective or not
based on the infarct volume differences. An improvement in chronic
clinical or behavioral outcomes is rarely considered alone as a “hard”
primary endpoint of a preclinical study.

A 60–90 years old human with a history of at least one cardiovascular risk factor,
usually multiple heart or vascular diseases, polypharmacy, exposure to normal
microbiota and environmental antigens, exposed to an unhealthy high-fat diet and
multiple stressful conditions during their life, usually suffering from multiple “silent”
ischaemic lesions due to microvascular premorbidity, suffers a stroke. The patient
randomly suffers a stroke during sleep or while awake, with unknown onset (thus,
duration) of ischaemia in half of all cases, the occlusion percentage of his vessels is
unknown and his collateral perfusion is also unknown at the time of the event. Thus, the
rate of core expansion against penumbra as well as the extent of the ischaemic lesion is
also unknown. The patient is transferred to an organized hospital with neurology,
radiology, and neuroradiology departments and a specialized Stroke Unit. He/she
receives –optimally – as fast as possible, brain imaging (computer tomography or
magnetic resonance imaging) that displays the ischaemic area. He/she may be
reperfused – only in <10–20% of cases- though rtPA thrombolysis or mechanical
thrombectomy within 2–6 h after stroke onset, receives aspirin and statins as
secondary prevention and early protection, medicinal-supported optimal blood
pressure and cardiovascular function as well feeding, fluid, and best-possible
medical and nursing support directly after his/her admission to the ward in the stroke
unit, according to recent stroke guidelines (Powers et al., 2019). The core target of
best-medical treatment is clinical improvement, which is measured in all clinical studies
as clinical-neurological improvement in the modified Rankin Scale (Broderick et al.,
2017) or another equivalent scale. His/her specialized treatment in the Stroke Unit is by
itself the most effective intervention (with NNT of 4) (2013). Reduction of infarct
volume is not directly relevant in clinical practice. If the patient develops malignant
brain oedema –e.g., in case of malignant MCA-infarct – he/she is treated with
operational hemicraniectomy (with an NNT of 2) (Powers et al., 2019). Eventually,
>90% of patients survive the acute phase with a small, medium, or big territorial
infarct and long-term neurological deficits. In the subacute phase (first weeks after
stroke) they may develop multiple complications: infections (pneumonia, urinary
tract infections) that are treated with antibiotics, cardiovascular instability treated with
multiple medications, immune depression, other organ dysfunction (for example kidney
failure) as a result of his/her severe clinical condition or as a side-effect of medications,
and his/her gut microbiota is severely affected by antibiotics and change in nutrition.
Eventually he/she receives continuously the best medical, nursing, and
therapeutic support, again in Stroke Units (Powers et al., 2019). His/her
hospitalization ranges from few days (in case of a small stroke) up to months (in case
of a large one) and he/she is discharged with multiple medications as secondary
prevention. Overall death from stroke increases with time and severity (approximately
13% mortality within 28-days after the event) (Ganesh et al., 2016).

complete clinical scales, such as the modified Rankin Scale (mRS)
(Harrison et al., 2013), may be too rough to measure subtle
or localized improvements per system. Still, even in the best-
designed studies (to name some examples, the NXY-059 SAINT-I
and -II studies, Natalizumab ACTION-1 and -2 studies, ESCAPE-
NA1 study) (Lees et al., 2006; Shuaib et al., 2007; Elkins et al.,
2017; Elkind et al., 2020; Hill et al., 2020), the drug under study is
either administered > 1.5 h after stroke onset, or it is exposed to
interactions with the other standard medical/drug interventions
(e.g., alteplase, aspirin, antihypertensives).

The wide heterogeneity of types of clinical stroke, in terms
of size, location, time-windows, degrees of reperfusion or
collaterals, comorbidities, and the presence or not of salvageable
penumbra, may eventually be the main reason for translational
failure (Howells et al., 2010). Regarding the effective time
window, it is known that while rodent "patients" receive complete
recanalization at exactly 45–60 min (e.g., for mice) plus treatment
at the beginning of or early during ischaemia, patients have to
call an ambulance at home (usually with at least a 30–45 min
delay), need to go through diagnostics to exclude bleeding,

and, if eligible, could potentially receive reperfusion treatment
at minimum 80–90 min after ischaemia onset, thrombectomy
at 3–6 hours, and finally their vessels may eventually open a
few hours after stroke onset (Tsivgoulis and Alexandrov, 2014).
At this time-point, the ischaemic core may already be largely
established (Saver, 2006; Vilela and Rowley, 2017). As such, a
clinical study of a preclinical treatment may not even be close
to what rodents receive in the laboratory (Box 1), meaning
that patients may fall outside of the effective time window
for the treatment (Moskowitz et al., 2010). In addition to the
above, stroke patients typically receive a standard and most
effective "best medical treatment" in Stroke Units (Stroke Unit
Trialists’ Collaboration, 2013; Powers et al., 2019), an equivalent
of which (Lourbopoulos et al., 2017) is usually absent from most
preclinical settings or even the recent IMPROVE guidelines for
conducting rodent preclinical stroke (Percie du Sert et al., 2017).
This "best medical treatment" is the obligatory control group in
all clinical trials and thus a pre-existing "bias" for every tested
novel drug. Eventually, admitted patients also have comorbidities
and receive aspirin, beta-blockers, statins, angiotensin receptor-II
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BOX 2 | The typical preclinical and clinical “patients” with a heart attack.

The typical preclinical “patient” with myocardial infarction: a mouse
or rat in the laboratory

The typical clinical patient with myocardial infarction: a human in
the hospital

A young and healthy male mouse or rat with no cardiovascular risk
factors or comorbidities (i.e., smoking, diabetes, hypertension, obesity,
hyperlipidaemia) is selected to be subjected to coronary artery occlusion.
The rodent “patient” is operated on under anaesthesia using the left
coronary artery ligation technique (the closest model to human vessel
occlusion), develops ischaemia for 30–60 min and the vascular territory is
reperfused by loosening the suture. The “patient” receives the new drug
exactly at the beginning of reperfusion or even a few minutes before
opening the vessel. The “patient” is then returned to his “ward” (cage) with
no nursing support, minimal or no fluid replacement, no medical
support, and no further administered drugs.
In most studies, the drug is judged effective or not based on infarct volume
differences. When the end-point of the preclinical study is “infarct volume”
the “patients” are usually sacrificed within 24–72 h and the development
of cardiac remodeling and heart failure is usually neglected. An
improvement in chronic clinical outcomes, such as the ones used in trials, is
rarely considered alone as a “hard” primary end-point of a preclinical study.

A 50–80 year-old human with a history of at least one
cardiovascular risk factor and comorbidities is admitted to the
hospital and diagnosed with electrocardiographic signs of myocardial
infarction. The patient usually arrives at the hospital 30 min to 6 h after
pain onset. The patient is treated with dual antiplatelet therapy,
heparin, and nitro-glycerine/morphine and subjected to primary
percutaneous coronary intervention (PPCI) to reperfuse the vessel
(Ibanez et al., 2018). In 50% of cases, the lesion is in the left coronary
artery, and in the rest, the lesion is in the right coronary artery or left
circumflex. At the time of PPCI, the occluded vessel may be already
open (spontaneous reperfusion) facilitated by drug therapy.
The patient is transferred to a specialized Cardiac Care Unit and
receives multiple drugs for treatment (beta-blockers, statins, ACE
inhibitors, and aldosterone antagonists). His blood pressure and heart
rhythm are under close monitoring. Overall death from myocardial
infarction ranges from 5 to 10% during the first 6 months (Fokkema
et al., 2013; Pedersen et al., 2014; Ibanez et al., 2018).
Primary end-points of Phase III clinical trials testing new drugs in
patients with myocardial infarction include cardiac death, heart failure
hospitalisations, and development of cardiac remodeling in the
long-term (1–5 years follow-up).

(AT), or angiotensin-converting enzyme (ACE)-blockers as
standard therapy, all of which have significant effects on brain
and body pathophysiology per se (Powers et al., 2019). For
several common, practical reasons (cost, difficulty in reliably and
reproducibly modeling, difficulty in getting appropriate resources
for these experiments), such comorbidities have not commonly
been widely included in preclinical rodent modeling (Garner,
2014; Dirnagl, 2016; Modo et al., 2018). As a result, rodent
studies probably test their novel treatments against translationally
inappropriate control groups and neglect the effects of drug-drug
interactions, polypharmacy, and comorbidities on the organism
under test. These in themselves create a discrepancy between
"standards" in preclinical and clinical studies, responsible for
translation discordances.

Taking the problem to the level of organisms, it is fact that
humans and rodents do have many similarities and hundreds of
conserved molecular/genetic pathways in common as mammals
(for an extensive review see Dirnagl and Endres, 2014), but
there are also differences that may provoke the translational
roadblock (Mestas and Hughes, 2004; Mergenthaler and Meisel,
2012; Jackson et al., 2017). For example, dissimilarities in
pharmacodynamic or pharmacokinetic responses and drug
bioavailability may be a result of differences in molecular
pathways between species (Mestas and Hughes, 2004; Schulte-
Herbruggen et al., 2006; Greek and Shanks, 2011; Bolker,
2017; Stortz et al., 2017; Zeiss and Johnson, 2017; Leenaars
et al., 2019). Although the identical genetic background and
capacity for genetic manipulations in mice have apparent
huge advantages, these have to be carefully considered when
it comes to translation because humans are genetically and
environmentally highly variable (Lowenstein and Castro, 2009;
Garner, 2014; Steffen et al., 2016; Vina and Sanz-Ros, 2018).
Moreover, at the phenotypic level, we also need to consider the

differences in the size and complexity of rodent and human
brains (Herculano-Houzel, 2009). Apart from the clear difference
in size [approximately 5 cm3 for a mouse (Badea et al., 2007)
compared to 1320–1510 cm3 for the human brain] the mouse
brain is composed of approximately 90% gray matter compared
to approximately 50% of the human brain (740–820 cm3 gray,
360–420 cm3 white matter, and 230–270 cm3 CSF; Luders
et al., 2002) and exhibits an increased glucose and oxygen
metabolism (Dirnagl et al., 1999; Sorby-Adams et al., 2018;
Gennaro et al., 2019). As such, a human stroke occupies different
proportions of gray/white matter, with significantly different
glucose/oxygen local metabolism and different vulnerability
(Wang et al., 2016). At the histological level, humans and
rodents – despite their stated similarities – also have anatomical,
functional, morphological, and genetical differences in their
astrocytes (Oberheim et al., 2009) and neurons (Kalmbach
et al., 2018; Hodge et al., 2019), and to a lesser extent
in oligodendrocytes/myelin (Ishii et al., 2009) and microglia
(Gosselin et al., 2017). These can probably make a difference
in terms of survival times and response of cells in ischaemia,
different responses of the remaining network in the injured brain,
and differences in plasticity and recovery mechanisms (Caleo,
2015; La Rosa and Bonfanti, 2018). Additionally, they result
in a different structure and functionality of neuronal networks
between the two species [e.g., the specialized corticospinal tract
of quadruped rodents (Corbett et al., 2017) or the networks
of higher cognitive functions in humans (Vina and Sanz-
Ros, 2018)], that render translation of behavioral/neurological
outcomes in stroke ever more complex. In fact, non-human
primates and larger animals are closer than rodents to humans in
many aspects, but are not widely available due to significant costs
and ethical and practical concerns in handling and housing them
(Dutta and Sengupta, 2016; Yarborough et al., 2018; Kaiser and
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BOX 3 | The typical preclinical and clinical “patient” with multiple sclerosis.

The typical preclinical demyelinating “patient”: a mouse in the
laboratory.

The typical clinical multiple sclerosis patient: a human as an
outpatient.

An 8–12 weeks old healthy female mouse (equivalent to a 10–14 year-old
teenager), with no history of cardiovascular risks, raised in specific
pathogen-free conditions with no exposure to a variety of
environmental microbiota or antigens, is chosen to receive a form of
experimental autoimmune encephalomyelitis (EAE) (for detailed analysis on
the EAE models see Gold et al., 2006; Kipp et al., 2017; Glatigny and
Bettelli, 2018). The “patient” is inoculated with the identified myelin antigens
(specific to each species) under sterile conditions, along with an
immune-response booster. “She” develops an antigen-specific immune
reaction and the disease 11–14 days after the inoculation. Paralysis or
paresis of the tail, hind- and forelimbs reflect the degree of lesions in the
spinal cord of the animal. The peak of the disease (or “relapse”)
develops within 24–72 h and it resolves spontaneously within
3–10 days with residual lesions (for example in the case of MOG-EAE) if
not treated. A pulsed treatment with corticosteroids (methylprednisolone,
if so selected in the experimental protocol) could resolve the “relapse”
through apoptosis of immune cells in the lesions, thereby rescuing neuronal
circuits and reducing the residual clinical lesions(Schmidt et al., 2000). The
rodent “patient” usually lives weeks/months after disease induction with
long-term clinical deficits. A second relapse may develop spontaneously
depending on the EAE model used (Glatigny and Bettelli, 2018). The main
therapeutic target for EAE is the prophylactic and long-term
suppression or modulation (selective or not) of the immune system
based on identified immune key controllers. All treatments act in the
periphery, where the immune system components mainly reside. Axonal
injury, if present, is currently irreversible. Neurological improvement (in a 0–6
or 0–8 scale) is the mainstream primary outcome measurement in
preclinical research.

An 18–35-year-old healthy, usually female, human with no history of
cardiovascular risks, exposed to normal environmental antigens
and microbiota, with multifactorial (environmental and genetic)
susceptibility to autoimmunity, randomly experiences her first
relapse (visual, motor, or sensory deficits). The symptoms develop
within 24–72 h and reach a peak. In most cases they may also
resolve spontaneously within a few days to 1–2 weeks, with
minimal residual symptoms. The patient is admitted to a neurological
clinic and is diagnosed (Katz Sand, 2015) with multiple sclerosis. She
receives acutely a pulse of steroid treatment (methylprednisolone),
which resolves the symptoms of relapse completely in >90% of cases.
Autoimmune cells (T- and B-cells) are reactive against specific myelin
antigens (Ciccarelli et al., 2014). The patient lives for a long time and
suffers multiple relapses with residual or no symptoms. Eventually,
depending on disease activity, brain atrophy and cognitive decline is a
long-term characteristic of the disease, along with severe disability. The
main therapeutic target for MS is the prophylactic and long-term
suppression or modulation (selective or not) of the immune system
based on identified immune key controllers. Early prevention of lesions
in CNS delays long-term atrophy. All human treatments also act in the
periphery. Axonal injury, if present, is currently also irreversible.
Neurological improvement (measured by the 0-10 EDSS scale) is the
main primary clinical outcome measurement. Recently, expanded
clinical, radiological, and composite scales (e.g., outcome parameters
such as the "no-evidence for disease activity" or NEDA, long-term
deficits, brain atrophy) are driving clinical research.

West, 2020). Evidently, these lead to the inability to measure and
translate key behavioral/neurological outcomes between humans
and rodents, and on the other hand create an oversimplification
of outcomes in most laboratories (e.g., using the oversimplified
four-level Bederson’s neurological scale to report the neurological
deficits of an infarct; Lourbopoulos et al., 2008; Balkaya et al.,
2013). The latter masks relevant neuroanatomical outcome data
and hinders translation (Garner, 2014; Bolker, 2017).

Finally, we believe that the age of the preclinical animals is
fundamental for translation. Laboratory animals (rodents) used
in preclinical studies are young (usually 8–12 weeks old), raised
under strictly controlled laboratory conditions (Dirnagl et al.,
1999) in a specific pathogen-free environment (Rosshart et al.,
2017), and on a diet optimized for high fertility and overall health
(Dirnagl, 2016). It can be argued that an 8–12 weeks old mouse
corresponds to an approximately 7–11-year-old human (Jackson
et al., 2017). A human trial on stroke is never performed in
“7–11-year-old males with identical educational levels, identical
socioeconomic statuses, identical jobs, identical – almost sterile –
houses with identical (locked) thermostats, identical wives,
identical diets, identical exercise regimes, in the same small
town, who all incidentally had the same grandfather” (Richter
et al., 2009). Age alone is a risk factor for stroke (Donnan
et al., 2008) and determines the function of lesion/recovery
mechanisms (Wyss-Coray, 2016), both clinically (Bindawas et al.,
2017) and preclinically (Popa-Wagner et al., 2007; Li et al.,
2011; Rosenzweig and Carmichael, 2013). Large clinical registries
indicate that on the rare occasions that stroke does occur in

children up to age 18, stroke recovery is better than in adults
(deVeber et al., 2017). As such, to properly model stroke before
proceeding to clinical studies, we would ideally need at least
middle-aged rodents (i.e., above 14 months old, corresponding to
an at least 48-year-old human) and these would have to be raised
and studied in a "proper," "humanized" environment to account
for at least a rich microbiome (Rosshart et al., 2017; Hamilton and
Griffith, 2019) and environment (Mering and Jolkkonen, 2015; de
Boer et al., 2020).

KNOWN METHODOLOGICAL PITFALLS
IN PRECLINICAL/CLINICAL RESEARCH
IN STROKE. IS THIS ALONE THE
REASON FOR TRANSLATIONAL
FAILURE?

The translational roadblock in stroke is overwhelming and costly
(Howells et al., 2012; London and Kimmelman, 2015). Apart
from the evident aforementioned modeling, clinical/preclinical
and species differences, a part of the problem lies in “how
stroke research topics have been chosen and how studies
have been designed, conducted, analyzed, regulated, managed,
disseminated, or reported,” as recently reviewed (Berge et al.,
2017). Consensus papers and consortiums [e.g., ARRIVE
(Kilkenny et al., 2010), STAIR (Corbett et al., 2017), STEPS
(Savitz et al., 2011), and RIGOR (Lapchak et al., 2013)]
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TABLE 1 | Available rodent (rats, mice) models of stroke.

Experimental model Advantages Disadvantages

Intraluminal filament occlusion of the
MCA (fMCAo model), through ECA or
CCA (Durukan and Tatlisumak, 2007;
Fisher et al., 2009; Howells et al.,
2010; Canazza et al., 2014; Sommer,
2017)

- Suitable for either transient or permanent ischemia
- No skull opening, no dura/brain surgical lesion
- No surgical disruption of lymphatic meningeal flow
- Mimics precisely human ischemic stroke (exhibits
penumbra, blood-brain barrier injury, inflammatory and cell
death pathways)
- Reperfusion is timely controllable
- Easy localization of the infarct and penumbra
- Modeling of thrombectomy
- Mimics malignant MCA-infarct
- Rich behavioral/neurological deficits
- ≈14–20 min surgery duration
- Mimics malignant edema after stroke
- High translationality
- Most used model

- Increased risk of intracranial (subarachnoid) hemorrhage
(filament-dependent)
- Use of anesthesia
- No modeling of thromboembolism and thrombolysis
- Not feasible in animals with rete mirabile
- Significant neck surgery (vagus nerve and trachea lesion, ischemia
of ECA)
- High variability (from small striatal to large malignant MCA infarcts),
thus large number of animals needed
- High mortality (as artifact) if no post-Stroke feeding/fluid support is
used
- Requires good surgical skills

Type of filaments used:
- (a) Heat-treated filament with
rounded tip
- (b) Heat/poly-L-lysine treated
- (c) Silicone coated of different length
(≥2 mm)

- (a) Easy to construct, robust to use, cheap, repeated use
- (b) Easy to construct, robust to use, cheap, repeated use
- (c) Custom-made or industry-made, easy to use, repeated
use (≈5–10 animals for custom-made, ≈40 animals for
industry-made), high reproducibility of strokes with low
variability, practical no vessel perforation

- (a) High risk of vessel perforation and SAH, high stroke variability,
older option
- (b) High risk of vessel perforation and SAH, lower stroke variability
- (c) Relative expensive (only for industry-made)

Distal MCA occlusion model with
craniotomy (dMCAo) (Howells et al.,
2010; Canazza et al., 2014; Fluri et al.,
2015; Kumar and Gupta, 2016;
Sommer, 2017) via
- Electrocoagulation,
- Ligation or
- Clotting of MCA

- Reproduces mainly permanent und -under conditions-
transient ischemia
- Mimics pathophysiological process of the ischemic stroke
(penumbra, blood-brain barrier injury, inflammation, and cell
death pathways)
- Low mortality rate with high long-term survival of the
animals
- Low variability of infarct sizes
- Localized small ischemic lesion for study
- Reperfusion via thrombolysis possible only in the clotting
model.
- ≈ 5–8 min of surgery duration

- Skull opened, dura breached, and CSF released, thus: significant
artifacts added to the ischemic lesion
- Affects lymphatic circulation
- Affects intracranial pressure and blood-brain barrier function
severely
- Contaminates the ischemic lesion with meningeal and bone (skull)
cellular components (fibroblasts, osteoblasts)
- No reperfusion by electrocoagulation or ligation
- Heat- and mechanical trauma by electrocoagulation/ligation
respectively
- Use of anesthesia
- Temporary and minimal neurological/behavioral deficits (maximum
1–2 weeks after stroke)
- Low translationality

Proximal MCAo (occlusion of the circle
of Willis or the M1 part of MCA)
(Howells et al., 2010)

− Approaching 100% successful induction of infarction
− Highly reproducible lesion size and behavioural outcomes

- Requires significant surgical skill
- Significant surgical trauma due to skull-opening
- CSF leak, dura-lesion (introduction of cellular contaminants)
- Affects lymphatic circulation
- Recanalization possible but not usual
- Rarely used, highly invasive, does not model the "closed-skull
aseptic infarct" of humans
- Use of anaesthesia
- Low translationality

Photothrombosis model (Howells
et al., 2010; Labat-gest and Tomasi,
2013; Canazza et al., 2014; Kumar
and Gupta, 2016; Sommer, 2017)

- Almost no surgical intervention (only skin incision and
retraction)
- High reproducibility of the lesions
- Accurate localization of the lesions, thus targeted
neurological deficits possible
- No mortality
- Fast, high throughput model
- Chemical platelet aggregation with local thrombi formation

- "Artificially" induced infarct, microcirculation is chemically injured.
- Lesions produced in this model lack penumbra formation
- Pathophysiological processes do not correspond the human
clinical reality: vasogenic edema and blood-brain barrier occurs
within a few minutes
- Use of anesthesia for skin incision
- Possible chemical interference of the light-sensitive (Rose Bengal)
with the brain tissue/ infarct
- Thrombosis generally distributed over all vessels illuminated

Endothelin-1 model (Durukan and
Tatlisumak, 2007; Howells et al., 2010;
Canazza et al., 2014; Sommer, 2017)

- Ischemia induced lesions can be performed in any region
of the brain
- Minimal surgical invasion
- Low mortality of the animals
- Subcortical lesions are also possible
- Recovery and plasticity mechanisms in chronic stroke can
be studied

- Minimal edema
- Due to the presence of endothelin-1 and endothelin-1 receptors on
neurons and astrocytes it induces direct effects on brain function
- Duration of ischemia is not controllable
− "artificially" induced infarct, not translational

Embolic stroke model (intraluminal or
distal) (Durukan and Tatlisumak, 2007;
Howells et al., 2010; Canazza et al.,
2014; Sommer, 2017):
- (a) Thromboembolic model (prepared
clots)
- (b) Thrombin-enhanced clotting
- (c) Non-clot embolic models (micro
and macrospheres)

- Technical advantages similar to fMCAo or dMCAo models
respectively
- Closely mimics human thromboembolic stroke
- Thrombolysis is possible (only for a and b)
- Offers the opportunity of evaluation of combination
therapies such as thrombolytic agents and neuroprotection
(only for a and b)
- High translationality

- Technical disadvantages similar to fMCAo or dMCAo models
respectively
- Very high variability of infarcts and behavioral outcomes due to little
control over occlusion sites (for a–c)
- Low rate of successful induction of stroke
- Not amenable to thrombolysis (c)
- Technically and timely demanding model (a) due to clot
pre-formation and injection into the ICA
- Rodent thrombolysis requires ≈10 times more rtPA than in humans
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TABLE 2 | Large animal species stroke (Combs et al., 1990; Traystman, 2003; Watanabe et al., 2007; Boltze et al., 2008; Rink et al., 2008; Howells et al., 2010;
Lapchak, 2010; Cook and Tymianski, 2011, 2012; Wells et al., 2012; Duong, 2013; Beuing et al., 2014; Hoffmann et al., 2014; Fluri et al., 2015; Cai and Wang, 2016;
Sommer, 2017; Sorby-Adams et al., 2018; Kaiser and West, 2020).

Experimental model Advantages Disadvantages

Non-human primates:
- Lissencephalic brains (Squirrel
Monkey, Owl monkey, Marmoset,
Senegal Bush Baby)
- Gyrencenphalic brain (Baboon,
Rhesus, Cynomegalous macaque,
African Green, Vervet Monkey)
Canine,
Feline,
Porcine,
Rabbit and
Ovine models

- Key features of human behavior, pathophysiology and
neuroanatomy can be studied and be better defined
- Higher translationality due to higher resemblance with
human brain (for species with gyrencephalic brains)
- Due to higher similarity to the human brain, offer the
opportunity for precise functional mapping, analytical
study of deep white matter tracts, vascular architecture
and gray-white matter ratio via brain CT/MRI, MR
spectroscopy, brain positron emission tomography
(PET), in vivo fluorescence and ultrasound studies
- Better evaluation of endovascular methods and
thrombolysis mechanisms
- Clinical manifestation after stroke and drug safety are
analogous to humans
- Rabbit models may correlate better with the human
brain time-windows

- Significant ethical questions
- Require ample housing facilities, specialized care, surgical
expertise skills and established neurobehavioral apparatuses
- Long time of reproduction and small amount of available
animals
- Increased cost
- Restricted knowledge of metabolic and other pathophysiology
features and molecular pathways following stroke in larger
species

Balloon catheters - Minimal surgical invasion
- Low mortality rate of the animals
- Time precise recanalization
- Very effective occlusion

- Requires expensive and special surgical materials
- Confined in larger species animals
- Requires fluoroscopy for catheter guidance through the vessel
system of the animal

have already addressed the problem extensively. However,
despite a partial improvement in stroke preclinical methodology
(Bahor et al., 2017), these guidelines have only had a limited
impact on the way stroke preclinical research is conducted. True
compliance with guidelines such as the ARRIVE criteria remains
low (Hair et al., 2019). Similarly, the applied STAIR criteria
(reported from 2004 to 2011) failed to produce any benefits
from subsequent clinical trials that relied on these (Lapchak
et al., 2013) and appear to have had no effect on anesthetic and
monitoring techniques during experimental stroke in rodents
(Thomas et al., 2017).

The main current methodological pitfalls in stroke research
are summarized in Table 3. Large animal stroke models have
the same shortcomings as rodent ones (Kringe et al., 2020).
Small studies consistently give more positive results than larger
ones. Study quality is inversely related to effect size (Button
et al., 2013). This, combined with rather high variance (SDs
typically similar to effect size), results in low statistical power and
positive predictive value (Dirnagl and Endres, 2014). In parallel,
exploratory studies (usually small ones that are suitable for
discovering/developing new pathophysiological theories) cannot
compensate for confirmatory ones (required to be powered to
investigate efficient treatments with translational significance and
probability) (Kimmelman et al., 2014; Huang et al., 2020). As
the field is biased toward exploratory investigation (Dirnagl,
2016), the probability of false-positive results from small and
inappropriately designed studies increases (Button et al., 2013).
Such studies bear low external validity, i.e., there is a small chance
that their results can be applied (generalized) to other situations,
groups, or events (Dirnagl, 2016; du Sert et al., 2017; Patino
and Ferreira, 2018), implying low translationality. Eventually, as
the typical stroke patients differ substantially from their rodent

"representatives" (as discussed in detail above) (Dirnagl et al.,
1999; Dirnagl, 2016; Corbett et al., 2017), a preclinical study
with additionally low external validity will most probably fail to
translate its result in humans (Patino and Ferreira, 2018).

In addition, the stroke research field is characterized by
publication bias (Dirnagl, 2016) or publishing under pressure
(Dirnagl and Endres, 2014; Norris et al., 2018). On the one
hand, and most importantly, this means that many negative
experimental stroke studies are not published (Dirnagl and
Endres, 2014), so that data from as many as one in seven
experiments remain unpublished (Sena et al., 2010b). On the
other hand, this also means there is a preference to publish
based on research directions, authors’ nationalities, or institutes’
professional ranks (Liu, 2009). Publication bias – especially the
"concealing" of negative studies – has been estimated to lead to
an approximately 30% overestimation of published effect sizes
(Dirnagl and Endres, 2014). As a study on an "innovative idea"
is easier to publish than a "verification/validation study of data,"
most groups focus on such "innovative idea" studies. These
produce high-impact factor publications or technologies, attract
further funding and increase reputation, all the while avoiding
the time- and money-consuming challenge of validating existing
findings. This bias is partly attributed to a highly competitive
way of doing science that sometimes runs like a "business,"
where success equals more and more publications (Button et al.,
2013). Stroke researchers usually seek large and acute effect sizes
("quick and large"), that make for impressive publications but
are far from translational reality (Ioannidis, 2005; Sena et al.,
2010b; Button et al., 2013). Eventually, these positive results lead
to an overestimation of the treatment’s effectiveness in meta-
analyses (Liu, 2009; Martic-Kehl et al., 2012; Dirnagl and Endres,
2014; Dirnagl, 2016; Alteri and Guizzaro, 2018), which misleads
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TABLE 3 | Summarized methodological pitfalls in stroke research.

Problem Definition Consequences for stroke research

Internal validity The extent to which the observed results represent the truth
in the population studied and, thus, are not due to
methodological errors (Patino and Ferreira, 2018)

Low internal validity equals low chances for the results to
represent the truth in the population studied. As such it:
- Tends to positively biased results
- Increases chances for failure to translate in humans (i.e., low
external validity)

Regression to the mean Subjects in the experiment with extreme scores will tend to
move towards the average, e.g., by excluding extreme values in
favor of the positive result (Holman et al., 2016).

Bias to false-positive results

Pre-testing of subjects Pre-exposure of the subjects to the tests (Dirnagl, 2016) Unexpected impact on the result of the test due to the
interaction of the subject with the pre-test and the adaptation to
the test process

Detection bias The systematic distortion of the results of a study by
non-blinded experimenters (Huang et al., 2020)

Positively biased results

Performance bias Systematic differences between groups/experiments due to
changing of animal care, housing conditions, diet, group sizes
per cages, cage location in-house, instruments used, failure to
complete protocols during the study (Lo, 2014; Dirnagl, 2016;
Huang et al., 2020)

Data and results bias

Attrition bias Unequal occurrence and handling of deviations from
protocol and loss to follow-up between treatment groups. For
example,
subjects dropping out of the study (e.g., unexpected death) or
undefined exclusion of "outliers" (Dirnagl, 2016; Huang et al.,
2020)

Bias of results towards positive ones.

Selection bias Biased allocation of animals at the beginning or during an
experiment. Here belongs the improper randomization (Sena
et al., 2010a; Lo, 2014)

- Studies do not report allocation methods, randomization, and
blinding assessment of outcome.
- Studies have systematic differences in baseline characteristics
between treatment groups

Underpowered studies Lack of statistically adequate subject numbers per group to
reliably detect if an effect truly exists. Practically, it refers to
small study groups (5–15 animals) and lack of proper
sample-size calculation (Sena et al., 2010a; Dirnagl and Endres,
2014; Lo, 2014).

Low-powered studies lead to overestimated magnitude of the
effect (false-positive) and lower the probability of a discovery to
actually reflect a true effect

Improper statistical tests Use of wrong, improper or not-corrected for multiple
comparisons statistical tests (Makin and Orban de Xivry, 2019)

False-positive statistical results

Lack of validation, replication
and confirmatory studies

A result has to be validated and data need to be
replicated/confirmed in independently performed and
well-designed studies (Huang et al., 2020)

Exploratory studies mainly aim to produce theories and
hypotheses. If not replicated/confirmed they bare low external
validity for translation.

science and leads to translational failure. A classic example
of this is the case of NXY-059, which had positive preclinical
studies and meta-analysis but the expensive and large clinical
translational program (SAINT-1 and -2 trials) was a complete
failure (Bath et al., 2009).

Similar methodological pitfalls also exist in other fields of
science, such as multiple sclerosis and cardiovascular research
(see sections below). In the former, they seem not to affect
the field, in the latter they are similarly considered a hurdle,
as discussed in detail in the sections to follow. So, are
methodological pitfalls alone responsible for translational failure?

WHAT DO WE LEARN FROM THE
APPLICATION OF THERAPEUTIC
HYPOTHERMIA IN STROKE?
(COMPARING A POSITIVE AND A
NEGATIVE TRANSLATIONAL STORY)

Methodological problems alone probably do not suffice to
create translational block, because they also exist in research
fields that translate successfully. Here, we compare the example

of therapeutic hypothermia (TH), studied clinically in both
acute ischaemic stroke (AIS) and hypoxic brain injury after
cardiopulmonary arrest. Hypothermia failed translationally in
ischaemic stroke (negative story) (Kuczynski et al., 2020) but
succeeded in brain hypoxia after cardiopulmonary resuscitation
(positive story).

Therapeutic hypothermia has not reached bedside translation
in the case of large territorial AIS (Kuczynski et al., 2020).
Numerous positive preclinical studies (rats and mice) report
(neuro)protection via post-ischaemic moderate hypothermia
(Baron, 2018; Wu et al., 2020): it decreases brain metabolism
and inhibits deleterious effects of ischaemia, including excessive
neuroinflammation, cytokine release, blood-brain-barrier
disruption, apoptosis, and free radical production, activated
matrix metalloproteinases, ion channel change, and excitotoxicity
(for extended reviews see Truettner et al., 2005; Liu et al., 2016;
Wu et al., 2020). Therefore, TH preserves cell and tissue
integrity during and after AIS in rodents. However, the available
clinical evidence shows rather neutral brain effects and negative
systemic complications in humans (Schneider et al., 2017; Wu
et al., 2020). Global hypothermia induces multiple and severe
systemic side effects, such as shivering, cardiac arrhythmias,
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vasoconstriction, pneumonia, kidney dysfunction, diffuse
coagulopathy, and electrolyte imbalances (Huber et al., 2019;
Kuczynski et al., 2020). Moreover, the neuroprotective effects of
TH are largely time-sensitive (early hypothermia is protective,
late is deleterious) (Kawamura et al., 2005; Huber et al.,
2019) and depend on magnitude (mild or strong), duration of
application, site of application (local on brain versus systemic
application), and inherent characteristics of the organism
(age and comorbidities, rodent vs. human differences) (Wu
et al., 2020). Importantly, large AIS actually induces systemic
hypothermia (with complications) in humans (Kvistad et al.,
2012) and mice (Lourbopoulos et al., 2017). As such, the current
AHA/ASA guidelines advise against systemic hypothermia in
human AIS (Powers et al., 2019).

In contrast to AIS, TH is successfully used as neuroprotection
after cardiac arrest and cardiopulmonary resuscitation (CPR) in
adults or in neonatal hypoxic-ischaemic encephalopathy (HIE)
in humans (Tagin et al., 2012; Uchino et al., 2016; Yildiz et al.,
2017). The mechanisms of TH-neuroprotection are practically
the same as AIS. Brain hypoxia results in abrupt energy depletion
and eventually neuronal cell death, as in AIS; TH reduces brain
metabolism, the toxic cascades and eventually brain damage in
animal preclinical studies (Thoresen et al., 1996a,b; Ma et al.,
2012; Patel et al., 2015; Shah et al., 2017; Doman et al., 2018).
The prerequisites for the successful application of TH in HIE
have already been defined preclinically in rodents: rapid and early
onset of cooling after the hypoxic-ischaemic event (Thoresen
et al., 1996b; Doman et al., 2018), prolonged duration, for several
hours (3–12 h) (Thoresen et al., 1996b), reduction in rectal
temperature by 4–6◦C (Thoresen et al., 1996b), efficacy with
both selective head cooling or whole-body hypothermia (Ma
et al., 2012; Tagin et al., 2012). Here, clinical translation proved
successful: TH reduces morbidity/mortality and neurological
deficits in full-term infants with neonatal HIE (Jacobs et al., 2011;
Tagin et al., 2012; Douglas-Escobar and Weiss, 2015; Silveira and
Procianoy, 2015a,b; Purkayastha et al., 2016; Chiang et al., 2017;
Giesinger et al., 2017; Rao et al., 2017; Yildiz et al., 2017; Carreras
et al., 2018) as well in adults with HIE after cardiopulmonary
arrest (Hypothermia after Cardiac Arrest Study Group, 2002).
TH for HIE is strongly indicated – according to the latest
guidelines – for adults (Panchal et al., 2020) and full-term infants
(Aziz et al., 2020).

So why are the effects of TH in AIS and HIE different? In
principle, both AIS and HIE receive similar clinical protocols
of TH and the underlying neuroprotective mechanisms of
TH are basically the same. Thus, failure or success may
depend on differences between the underlying pathogenesis
of hypoxia-ischaemia in AIS and HIE (Saver, 2006; Donnan
et al., 2008; Douglas-Escobar and Weiss, 2015; Yildiz et al.,
2017). First, the subjects in neonatal preclinical and clinical
studies on HIE are very similar (same age, without comorbidities
and similar – optimum – brain recovery and regeneration
capacities for both species); they have high external validity,
and translation succeeds. In adult HIE the age/comorbidities of
rodents and humans may differ: rodent subjects in the successful
preclinical studies are usually young and healthy; the effects
of TH in older humans (>65 years old) are still positive but

weaker (Ahn et al., 2018). Still, translation succeeds, but only
under specific conditions. In AIS, age, comorbidities, and the
regeneration capacity of the brain differ substantially between
humans and rodents (low external validity); here, translation
fails. Second, AIS and HIE probably differ in terms of the
frequency and susceptibility of cortical spreading depressions
(CSDs) that are triggered by and cause tissue hypoxia (Dreier,
2011; Dreier and Reiffurth, 2015). Although CSDs are established
in the post-ischaemic period of AIS in animals and humans
(Dreier and Reiffurth, 2015), CSD appears to be absent during
the post-resuscitation period of HIE (Hansen et al., 2017),
although more studies are needed. An absent CSD in HIE
would imply more salvageable tissue compared to AIS. Finally,
the duration of ischaemic/hypoxic injury and time of TH
application determines its effect. As "time is brain" (Saver,
2006), it determines the extent of salvageable tissue and affected
neuronal types (Sims, 1992; Katchanov et al., 2003) and thus
their potential to be rescued. Additionally, intra-ischaemically
administered TH is more effective compared to post-ischaemic
cooling (Krieger and Yenari, 2004). In vitro models show a
linear time-dependent progression of neuronal death in hypoxia
(le Feber et al., 2016); thus, short ischaemia/hypoxia equals
reversible damage. In transient ischaemic attacks (TIA), initial
lesions are reversible due to the short duration of ischaemia.
In large territorial AIS, the long duration of focal ischaemia
(>1 h) "produces" irreversible necrotic injuries (infarct core),
some tissue-at-risk, and initiates secondary toxic cascades (e.g.,
release of DAMPs, cortical spreading depressions and aseptic
inflammation) that aggravate damage (Moskowitz et al., 2010;
Iadecola et al., 2020); here, TH fails. In the case of HIE, brief
hypoxia (several minutes) with restoration of circulation causes
diffuse "tissue-at-risk" with no necrotic core; it resembles TIA.
Its reversible injury depends strictly on the duration of the
insult (Douglas-Escobar and Weiss, 2015; Uchino et al., 2016;
Elmer and Callaway, 2017; Sekhon et al., 2017). When HIE is
relatively short, TH can improve cerebral metabolism and act
protectively by decreasing free radical production, inflammation,
excitotoxicity, and intracranial pressure (Darwazeh and Yan,
2013). As such, TH is clinically highly effective in both
adults (Hypothermia after Cardiac Arrest Study Group, 2002;
Geocadin et al., 2006) and newborns (Jacobs et al., 2013) after
a relatively fast "return-of-spontaneous-circulation" (ROSC).
On the other hand, prolonged cardiac arrest (≥40 min)
aggravates neuronal injury to an irreversible injury with a worse
prognosis (Welbourn and Efstathiou, 2018). Indeed, an indirect
comparison of two study cohorts treated with TH after cardiac
arrest shows there were good neurological outcomes in 18%
of patients with 40 min CPR versus 55% of patients with
22 min CPR, confirming the time-sensitive protective effect
of TH (Hypothermia after Cardiac Arrest Study Group, 2002;
Ahn et al., 2018).

As such, differences in the ages of subjects, the
presence of secondary cascades such as CSD and
duration of hypoxia/ischaemia in AIS/HIE determine
the success or failure for translation of hypothermia.
Methodological problems in preclinical studies seem to
play only a minor role.
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SAME PROBLEM IN A DIFFERENT
ORGAN: TRANSLATIONAL ROADBLOCK
IN HEART ISCHAEMIA

The translational block is not a "privilege" of neurology alone
but also exists in other scientific fields with analogies that are
worth considering (Box 2).

In the case of heart ischaemia, the fact is that despite timely
reperfusion, morbidity and mortality following ST-elevation
myocardial infarction (STEMI) remain substantial (Fokkema
et al., 2013; Pedersen et al., 2014; Ibanez et al., 2018). Despite
applied reperfusion techniques and optimal pharmacotherapy,
almost half of all patients will develop structural and functional
heart failure (van der Bijl et al., 2020), while nearly 30% of
patients will additionally develop clinical signs and symptoms
of heart failure within 1 year (Velagaleti et al., 2008; Ambrosy
et al., 2014) (Box 2: the typical human patient with “heart
attack”). Here, cardioprotection in patients with acute myocardial
infarction parallels neuroprotection in ischaemic stroke. It aims
to reduce myocardial injury, the attenuation of heart failure
development, and to improve survival and quality of life.
However, the translation of thousands of preclinical studies on
mechanical and pharmacological cardioprotective interventions
in these patients has been particularly disappointing over the
last 30 years (Heusch, 2013, 2017). Different cardioprotective
strategies, such as coronary postconditioning, hypothermia,
GP IIb/IIIa inhibitors, drugs targeting nitric oxide pathways,
cyclosporine, adenosine, erythropoietin, glucose modulators,
and others, have shown successful preclinical results but all
failed in clinical trials to improve patient outcomes (Ludman
et al., 2011; Heusch, 2019). Typical examples of translational
failure are large and expensive Phase III clinical trials with
thousands of STEMI patients, where the primary intervention
(e.g., remote ischaemic conditioning) cannot reduce either infarct
size or cardiac mortality and hospitalization for heart failure
(Hausenloy et al., 2019).

As such, the translation of cardioprotection from bench to
bedside remains a significant challenge. Regarding cardiology,
the differences between the human patient with acute myocardial
infarction (AMI) and the corresponding animal models are at
the core of this problem (Box 2: the typical rodent “patient” with
“heart attack”). The experimental studies are mostly performed in
young and otherwise healthy animals without comorbidities and
cardiovascular risk factors that cause endothelial dysfunction.
On the other hand, humans with AMI usually have several
comorbidities (diabetes, hypothyroidism, hypertension) and
risk factors (smoking, hypercholesterolemia) that interfere
with cardioprotective interventions (Ferdinandy et al., 2014).
Smoking is related to reduced efficacy of remote ischaemic
conditioning to improve infarct size (Sloth et al., 2015).
In diabetes and hypothyroidism, hearts are found to be
resistant to the protective effect of ischaemic conditioning
(Pantos et al., 2004; Kleinbongard et al., 2019). Furthermore,
cardioprotective strategies may become redundant due to
several routine medications that are used in patients with
AMI and may reduce myocardial injury per se (Heusch and

Gersh, 2017). These medications include β-blockers, statins,
nitrates, antiplatelets, and opioids (Pugsley, 2002; Ferdinandy
et al., 2014). A retrospective analysis showed that antiplatelets
(P2Y12 antagonists) may abrogate the effect of ischaemic
postconditioning on infarct size reduction (Roubille et al., 2012).
On the other hand, medications such as insulin or anti-diabetic
drugs and ACE inhibitors may also induce cardioprotection. The
effect of sex is often neglected in experimental studies. Most
studies are performed in male animals, while female patients with
AMI may have a worse prognosis (Cenko et al., 2018).

Apart from the above problems, a crucial issue is the definition
of the proper inclusion-exclusion criteria in clinical trials to
include patients with AMI that may benefit from cardioprotective
intervention. The existence of salvageable myocardium (in
correlation to penumbra in the brain) is important and has
to do mostly with cases reperfused 1–6 h after the onset of
symptoms (Gersh et al., 2005; Heusch and Gersh, 2017). A small
myocardium infarct usually leads to a low risk for heart failure. If
reperfusion is very early, then myocardial injury will be negligible
and cardioprotection is redundant. If reperfusion is late, little
salvageable myocardium will remain (Gersh et al., 2005; Heusch
and Gersh, 2017). “Time is heart” in the same way that “time is
brain.” Factors such as the presence of pre-infarction angina (it
functions like ischaemic preconditioning and results in minimal
infarcts; Kleinbongard et al., 2019) or the presence of myocardial
injury that occurs during the first few minutes of reperfusion
(Rossello and Yellon, 2016) may also change the final outcome
and have to be addressed in study designs (Bøtker et al., 2010).
On top of that, the selection of the proper dose and timing of
administration of cardioprotective interventions may be crucial
for successful translation. Unfortunately, in most cases, adequate
Phase II pharmacokinetic trials that aim to define the effective
time and dose are missing. On the other hand, experimental
studies rarely determine effective drug concentrations or routes
in blood or serum. For example, adenosine reduces myocardial
infarction after reperfusion only when a high dose and prolonged
intracoronary infusion of the drug is used (Yetgin et al., 2015).

Infarct size reduction has been the focus of nearly all
experimental studies on cardioprotection. However, clinical
reality based on recent trials indicates that this focus may
have been too narrow (Heusch, 2019). There is no doubt
that infarct size is a determinant of patients‘ prognosis (Stone
et al., 2016) but other important factors may independently
determine the prognosis of patients with reperfused STEMI. In
contrast to infarct size, the long-term effects of cardioprotective
interventions on myocardial function, repair, remodeling, and
mortality have not been thoroughly investigated in preclinical
studies (Heusch, 2017). The recent examples of cyclosporine
and remote ischaemic conditioning are indicative. In several
preclinical and small clinical studies, both interventions proved
efficient in reducing infarct size but the large Phase III clinical
trials were completely neutral regarding mortality, heart failure
hospitalisations, and cardiac remodeling at 1 year (Cung
et al., 2015; Hausenloy et al., 2019). Furthermore, besides
infarct size, other important factors of myocardial injury, such
as microvascular obstruction (MVO) have been neglected in
experimental studies. Clinical data show that any evidence of
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MVO in patients with reperfused AMI is associated with poorer
prognostic outcomes, more adverse remodeling, and lower
ventricular function on follow-up (Borlotti et al., 2019; Mangion
et al., 2019) and with more cardiovascular events, notably higher
mortality on follow-up (van Kranenburg et al., 2014; Reinstadler
et al., 2018; Galea et al., 2019). Indeed, only MVO but not infarct
size predicted cardiac mortality after 2 years of follow-up (van
Kranenburg et al., 2014). Eventually, reassessment of the primary
end-points that we set in experimental studies seems necessary to
produce data with more translational value in cardiology.

LOOKING AT THE BRIGHT SIDE OF
TRANSLATION: THE SUCCESSFUL
EXAMPLES OF MULTIPLE SCLEROSIS
AND MIGRAINE

On the other hand, translation does work in some fields
of neuroscience. In our opinion, the best examples of this
are Experimental Autoimmune Encephalomyelitis (EAE) and
Multiple Sclerosis (MS) (t Hart et al., 2018) along with the
development of CGRP-targeted drugs for migraine (Wattiez et al.,
2019). Despite existing failures (Rolfes et al., 2020), EAE led
to the development of multiple drugs for MS that control its
inflammatory component, such as INF-β, fingolimod, fumarate,
mitoxantrone, cladribine, teriflunomide, glatiramer acetate,
siponimod, and antibodies such as ocrelizumab, natalizumab,
rituximab, and alemtuzumab (Grzegorski and Losy, 2019;
Yamout et al., 2020). Migraine preclinical research resulted
in targeted CGRP-antagonists and antibodies for migraine
(Edvinsson et al., 2018; Charles and Pozo-Rosich, 2019). Hence,
what are the keys to these successes?

EAE and MS share many common features (Box 3: typical
human and rodent “patients”). EAE is a collection of models,
each of which reproduces different clinical, neuropathological,
and immunological features of MS (but none alone reproduce
complete human MS disease, for an extensive review see Gold
et al., 2006; Lassmann and Bradl, 2017; Hochstrasser et al.,
2018; Titus et al., 2020). Here the correct choice of model
is decisive for each scientific question posed. The immune
system in rodents and humans is both similar (structural)
and different (molecular) (Mestas and Hughes, 2004). The two
diseases share several immunological and pathological pathways
and mechanisms (immune-mediated demyelination and axonal
injury) that serve well for pathomechanistic understanding and
drug discoveries (for extensive and detailed reviews please
see Steinman and Zamvil, 2005; Gold et al., 2006; Lassmann
and Bradl, 2017; Bjelobaba et al., 2018; Glatigny and Bettelli,
2018). Such corresponding common features can also be found
in the field of stroke (pathomechanisms, structure, pathways,
clinic). Furthermore, studies on EAE face the same severe
methodological and bias problems as stroke studies. Publication
bias, insufficient sample sizes, and statistics, lack of blinding
and randomisation procedures, lack of multicenter studies,
lack of validation studies, etc. are widespread in the EAE
field (Vesterinen et al., 2010) but these pitfalls do not block

translation. However, EAE and MS have some striking similarities
that do not exist in the field of ischaemic stroke. Both
involve subjects of a similar age without comorbidities (young
mice and patients) (Box 3), both have a decisive peripheral
inflammatory component that is easy to reach via bloodstream
medications, both have an extended "incubation" period for
interventions before disease onset in the CNS that equals to a
wide therapeutic window and the aim for both EAE and MS
is to develop prophylactic treatment to prevent a relapse (or
immune activation) rather than the correction of an already
established lesion. Practically, such successfully "translated" MS
drugs target and reach mainly the peripheral inflammatory
component of the disease (Meuth et al., 2010). In that sense,
the prevention of stroke is also successful through secondary
prevention medications (statins, antiplatelets, antihypertensives,
anticoagulation) (Hankey, 2017). When all the above parameters
are considered collectively and critically, the translational block
seems to arise when we try to restore/treat cellular degeneration.
In other words, it seems easier to succeed translationally when
treating a disease target outside of the blood-brain-barrier, in a
preventive manner, with an extended therapeutic time window
and in young subjects without comorbidities.

The second example is migraine, a disease that enjoys a
rapidly advancing understanding of its pathophysiology (for
extensive reviews please see Russell et al., 2014; Charles, 2018;
Hay et al., 2018; Wattiez et al., 2019). Such knowledge comes
in large from preclinical research on small animal models of
migraine-related pain, as reviewed in detail (Harriott et al.,
2019). Initially, research on serotonin mechanisms in migraine
led to the successful and large class of triptans (Goadsby, 2005),
as well as the brand new class of selective 5-HT1F agonists
(Lasmiditan) (Clemow et al., 2020). In parallel, the calcitonin
gene-related peptide (CGRP) pathway (Hay et al., 2018) has
been studied extensively, its contribution is well characterized
during pain, as CGRP is – uniquely – released during migraine
(Edvinsson, 2017), its release into the cranial venous outflow
during migraine attacks is proven and intravenous CGRP can
induce migraine-like symptoms in migraine patients (Edvinsson,
2017) (direct cause-effect connection). As such, the related
CGRP-targeted therapies tested for its treatment to date have
consistently produced positive results (Edvinsson, 2017; Schuster
and Rapoport, 2017): CGRP-receptor antagonists (gepants)
and antibodies (erenumab, galcanezumab, fremanezumab, and
eptinezumab) currently being developed are well tolerated
and constitute a useful therapeutic tool (Steiner et al., 2013;
Edvinsson, 2015; Schuster and Rapoport, 2016; May, 2017;
Edvinsson et al., 2018; Charles and Pozo-Rosich, 2019). In
addition, studies on new migraine-associated genes, visualization
of early activated brain regions just before a migraine attack (e.g.,
hypothalamic and brainstem activation in collaboration with
cortical spreading depolarisation), and the role for neuropeptides
on pain (e.g., Pituitary adenylate cyclase-activating polypeptide,
PACAP) (Rubio-Beltran et al., 2018) pave the path for new
prophylactic options for migraine (Pascual, 2015; Charles, 2018;
Harriott et al., 2019). It seems that the field of migraine research
is characterized by clearly defined molecular pathways with
a crystal-clear cause-effect connection, the age of preclinical
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and clinical subjects is similar, comorbidities are absent, the
targeted pathway is not "behind" the blood-brain barrier
(Miller et al., 2016), the primary clinical target is functional
(symptom control of viable tissue) rather than anatomical (no
evident tissue lesion) and treatment is prophylactic. Most of
these features are common denominators in the aforementioned
successful MS-EAE paradigm as well.

SEEKING "OUT-OF-THE-BOX"
SOLUTIONS FOR THE CURRENT
COMMON STROKE PRACTICE AND
TRANSLATION PIPELINE

Based on the above argumentation, the translationability of our
acute therapeutic strategies could be assumed to correlate linearly
with the capacity of our models to mimic human acute ischemic
physiology: in other words, the more reliably we mimic the
human body at the bench the more efficient our drugs will
be at the bedside.

In our opinion, the first step should be preclinical testing of
drugs on human tissue, after initial screening in rodents and
before the transfer of potent drugs to clinical studies. Rodent
cells cannot always mimic one-to-one the effects of drugs on
human cells, reflecting cellular differences between species. One
striking example of this is the neuroprotectant NXY-059, which
was a success in rat models but a complete failure in clinical
settings, and was recently shown to offer no protection when
tested on stem cell-derived human neurons (Antonic et al., 2018).
To this end, tissue engineering and stem cell technologies could
provide the next-generation human tissue substrate for drug
testing. Stem cell-derived 3D engineered tissues or organoids can
efficiently mimic key features of the original organ and have been
used successfully to model certain facets of human organogenesis
and disease, personalized drug testing, and discovery studies.
(reviewed in Li and Izpisua Belmonte, 2019; Xinaris, 2019;
Steimberg et al., 2020). Human organoids enable the study
of human developmental processes and pathogenetic pathways
in multilayer and multicellular complexes, especially when the
pathways involve interactions between different cell types of the
organ. For instance, brain human organoids have been used
to examine cell division orientation in human radial glial cells
(Lancaster et al., 2013) and human cortical progenitor expansion
(Otani et al., 2016) – both processes significantly different
in humans compared to other species and especially rodents
(Lancaster et al., 2013; Otani et al., 2016). Nevertheless, organoids
still have crucial insufficiencies compared to the original human
organs, such as a lack of vasculature and immune cells [for a
detailed review of organoids’ limitations Ref (Xinaris, 2019)].
This means that they are limited in terms of how much they
can grow without cell death and how they are influenced by
circulating molecules, mechanical stress, and neural inputs. Lab-
grown organoids also exhibit significant anatomic inadequacies
due to the absence of normal directional cues (both biochemical
and mechanical) that drive the correct organization of cells within
tissues and organs (Bhaduri et al., 2020). Yet, despite these
aforementioned precautions, the preclinical testing of candidate

drugs on human organoids could most probably avoid failures
of expensive clinical trials due to species’ cellular differences.
Here, studies of "reverse translation," i.e., testing failed drugs
from humans back to rodents to compare responses under the
insights provided by their relevant trials, would reveal patterns
of translational success/failure and would improve our future
strategy in drug development in stroke.

Maybe we should simply find what rodent model best
mimics translation, or we could also "humanize" our rodent
preclinical models, at least before bringing the candidate drugs
to the clinic phase. Rats may eventually not be the optimal
rodent species for drug translation in stroke; mice may be
more "translational." Comparative data from preclinical and
clinical studies for the Natalizumab, NXY-059, Magnesium, and
especially mesenchymal stem cells treatment in stroke imply
that mice either reflect the negative human results or the
effect size better than rats (Shuaib et al., 2007; Bath et al.,
2009; Vu et al., 2014; Llovera et al., 2015; Saver et al., 2015;
Elkind et al., 2020). Recent studies indicate that preclinical
inbred and SPF rodents fail to recapitulate a normal "dirty"
human environment due to their poor and altered microbiome,
mycobiome, and virome. The restoration of the organism’s
wild environment results in mice and rats ("wildlings") that
can phenocopy human immune responses due to their "wild"
immune system trained by the normal environment (Beura et al.,
2016; Rosshart et al., 2017, 2019; Hamilton and Griffith, 2019; de
Boer et al., 2020). Such "wildings" affect the immune landscape
of multiple organs, bring them closer to human status and are
also more resistant to diseases compared to inbred laboratory
ones (Rosshart et al., 2017). As the immune post-stroke local
and systemic reactions largely dictate and shape neuroplasticity
and regeneration after stroke (Iadecola et al., 2020), such a
"wild" immune system could provide a "human" background
for preclinical stroke rodent studies. Furthermore, mice can
be "humanized" after being engrafted with human myeloid,
lymphoid cell lineages, and tissues (Rongvaux et al., 2014; Bryce
et al., 2016; Ito et al., 2018) or via the introduction of human
genes that do not exist in mice (“humanized” knock in-mouse
models) (Casas et al., 2019). Studies from other research fields
indicate that such mouse strains could be biologically closer to
humans with higher translational validity, proven so far in cancer
immunotherapy, regenerative medicine, allergy and graft-versus-
host disease (Ito et al., 2018). Given that the immune system is
key to degeneration and regeneration processes after ischaemic
stroke, the aforementioned "humanized" strains could bridge the
gap between preclinical models and stroke patients.

However, preclinical and clinical fields can be also bridged
through computational approaches, such as Machine Learning
(ML) and Neural Networks (NN) or study design web-platforms
such as the Experimental Design Assistant (EDA) and study-
reporting databases. Here, computational science can dig through
the vast web-information or "omics" data provided nowadays
and reveal similarities or resolve discrepancies between species
that result in successful or failed translation (Brubaker et al.,
2019). The challenge is to simply predict human biology from
non-human species. In the Found In Translation project1, a

1http://www.mouse2man.org
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FIGURE 1 | Suggested changes for stroke translation. Arrows (blue and green) point in the direction that each measure should be applied for improved translation.
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ML model applied on gene expression datasets from mouse
models of 28 different human diseases achieved an improvement
in predictions for human phenotype by 20–50%, compared to
simple and direct cross-species extrapolation (Normand et al.,
2018). According to the authors, this approach highlights signals
that may otherwise be missed and – most importantly – reduces
false leads, and thus could enhance translational output for
stroke at no additional costs (Normand et al., 2018). Alternative
approaches used microarray datasets (from trauma, burn, sepsis)
to train a neural network in order to identify true human

biological associations after interpreting mouse experiments
(Brubaker et al., 2019) or used data from human genome-wide
disease studies combined with in silico network models of tissue-
and cell-specific function in model organisms to spot candidate
molecules that are functionally conserved between rodent-
human species (Yao et al., 2018). Interestingly, all achieved truer
human biological associations, while mouse experiments alone
(i.e., "traditional translation") failed to capture a large portion
of human in vivo biology (Brubaker et al., 2019). Additionally,
recently developed preclinical study design assistants, such as

FIGURE 2 | Suggested road to translational success in stroke. The missing effective cross-talk between the basic neuroscience side (bench side) and the clinical
neurology side (clinical side) is a key reason for failure.
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the Experimental Design Assistant can help researchers improve
the design of animal experiments (du Sert et al., 2017). We
believe that such platforms can significantly facilitate preclinical
stroke study quality. They should be used widely, and the
produced flow-diagrams of each study should be included as
figures in manuscripts. Moreover, the preclinical stroke studies
should be registered for transparency on websites such as https:
//www.preclinicaltrials.eu/ or https://www.animalstudyregistry.
org, as is routinely done for clinical trials (FDA-based website2).
Such registries enhance proper study design, validity, and
the reproducibility of experiments/data while simultaneously
securing intellectual property.

Finally, we strongly suggest that the drug discovery pipeline
in stroke should include at least one validation study of the
results in aged animals, optimally in a multicenter design
and under co-administration of alteplase. The importance of
aging in the biology of the organism is extensively discussed
above. STAIR criteria highlight this (Fisher et al., 2009).
Data from research fields other than stroke strongly imply
that differences in age may be the key to things being lost
translation in stroke. To name a few examples, old microglia
respond weakly compared to young ones (Daria et al., 2017),
aging alters cerebral arteries’ neurovascular coupling in mice
(Balbi et al., 2015), aging alters cortex energy and the redox
metabolism of the brain (Bayliak et al., 2021), aging changes
the response to bacterial endophthalmitis, aging alters the
immunological response to stroke (Ritzel et al., 2018), heart
systolic function is decreased in older rats (Raya et al., 1997).
As aged animals and multicenter preclinical trials can be costly
(Llovera et al., 2015), we suggest running one multicenter trial
in aged rodents as the "decision-maker" before proceeding to
the (more expensive) Phase II clinical stroke studies. As such,
in case of negative results, a failed transfer to the clinical
setup can be avoided. A typical example of this concept is the
negative anti-CD49d preclinical multicenter study in fMCAo
in mice (Llovera et al., 2015) that was recently "replicated"
with similar negative results in two large Phase II clinical
trials (ACTION-1 and -2) (Elkins et al., 2017; Elkind et al.,
2020). Eventually, preclinical stroke research should test novel
compounds for interactions with alteplase before going to the
clinic. In addition to its beneficial thrombolytic action, Alteplase
has neurotoxic side effects (Kaur et al., 2004; Dong et al., 2016)
and may mask positive results in stroke clinical trials when
thrombolysis is used as the standard reperfusion option in
treatment-placebo arms (Hankey, 2020). This suggestion is based
on the recent ESCAPE-NA1 trial that studied the neuroprotectant
nerinetide in human ischaemia-reperfusion that occurs with
rapid endovascular thrombectomy (Hill et al., 2020). The
ESCAPE-NA1 trial was optimally translationally designed based
on a preclinical development program following STAIR criteria
and studies on rodents and non-human primates (Hankey, 2020;
Hill et al., 2020). Subgroup analysis indicated that patients under
only mechanical thrombectomy but not alteplase-thromboysis
benefit from nerinetide, supporting a "toxic" masking effect of
alteplase in this group.

2clinicaltrials.gov

CONCLUSION: OPINION STATEMENT
AND SUGGESTED PATH FOR
TRANSLATION

In conclusion, translation seems to work mainly at the
mechanistic/discovery level. For example, the mechanisms
of excitotoxicity, periinfarct depolarisations, inflammation,
glymphatic system, and programmed cell death have been
discovered in rodents and have also been verified in humans
(Dirnagl et al., 1999; Moskowitz et al., 2010; Gennaro et al.,
2019; Mestre et al., 2020). On the other side, if we consider
stroke as a "chronic" vascular disease with "relapses" of small
or large ischemic insults, then its secondary prevention is also
a translational success (Kernan et al., 2014), as applies for the
case of relapse-prevention in MS as well. Under this assumption,
translational failure is a problem only of the acute/subacute phase
of stroke, or, named otherwise, a problem of neuroprotective
and/or neuroregenerative efforts. Eventually, to overcome this
blockage for acute/subacute treatments we believe we need to
bridge concepts and practices from both pre- and clinical sides
of stroke research (Figure 1) and introduce concepts that arise
from research fields other than brain stroke as well.

Collectively, we believe that methodological and statistical
pitfalls alone do not block acute translation. It remains
disappointing that despite the ARRIVE (Kilkenny et al., 2010),
STAIR (Corbett et al., 2017), and STEPS(Savitz et al., 2011)
guidelines for in vivo experimentation, very few preclinical
manuscripts have achieved full compliance with these. Similar
suggestions have come from other fields, such as the field
of preclinical cardioprotective therapies (Jones et al., 2015;
Lindsey et al., 2018). We should not neglect the fact that
the only translated and clinically applied treatment to human
stroke is the recanalization of the occluded vessel per se
(thrombectomy or thrombolysis) (Powers et al., 2019), when
we model thrombectomy preclinically in the fMCAo model
(Carmichael, 2005). And this is repeated over decades, despite
methodological and statistical pitfalls.

Therefore, in addition to existing suggested guidelines
(Kilkenny et al., 2010; Savitz et al., 2011; Mergenthaler and
Meisel, 2012; Corbett et al., 2017), we believe that we need to
think about acute stroke research differently, as summarized
in Figures 1, 2. We need preclinical research conditions that
mimic the acute clinical ones: a "stroke unit" and "best medical
treatment" support for rodents with aspirin, statin, alteplase,
treatment of infections, fluids, nutritional support (even if
this means negative preclinical results) (Lourbopoulos et al.,
2017), and standard translational "rehabilitation approaches" for
rodents, such as enriched environments (Garner, 2014; Winek
et al., 2016; Bolker, 2017). We need to bring our rodent
"patients" closer to the "reality" of human patients: middle-aged
to elderly patients, with vascular comorbidities (worn-out vessels,
"multi-hits" concept of a chronic pathophysiology) and western-
diet, an intravascular (embolic or thrombotic) model of stroke, at
least some degree of reperfusion, with an intact skull. We need to
incorporate computational aids to design and analyze our data,
run multicenter preclinical trials before going clinical, and run
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"reverse translational studies" (i.e., testing concepts from humans
back to animals for translational validity). These are needed
along with the high methodological quality of preclinical research
that should be guaranteed and accessed via a preclinical trials
registry and structured review process by the journals. For this,
journals and reviewers hold the key to implementation. Success
will come only when we bridge current standards between bench
and bedside, conduct quality research and think boldly "out-of-
the-box" of the current routine.
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