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SYMPOS IUM REVIEW

Cerebral blood flow alteration in neuroprotection
following cerebral ischaemia
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Acute Stroke Programme, Nuffield Department of Clinical Medicine, University of Oxford, Oxford, UK

Abstract The best neuroprotectant for acute ischaemic stroke would always be the rapid return
of oxygen and glucose to physiological levels. This is currently provided by thrombolysis which
restores blood flow to the ischaemic region. The attempt to confer neuroprotection by targeting the
brain parenchyma has shown promise in experimental stroke models, but has unequivocally failed
to translate to the clinic. Neuroprotective therapy primarily targets the biochemical cascade that
produces cell death following cerebral ischaemia. However, these agents may also alter signal trans-
duction that controls cerebral blood flow, for example glutamate, which may affect the outcome
after ischaemia. In these cases, neuroprotection may potentially be due to the improved access to
oxygen and glucose rather than biochemical prevention of cell death. Improvement in cerebral
blood flow is an important but often overlooked effect of neuroprotective therapy, analogous to
the protective effects of drug-induced hypothermia. This short review will discuss cerebral blood
flow alteration and protection of the brain in the context of ischaemic preconditioning, oxygen
sensing and thrombolysis. Future neuroprotection studies in cerebral ischaemia require stringent
monitoring of cerebral blood flow, plus other physiological parameters. This will increase the
chances that any protection observed may be able to translate to human therapy.
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Introduction

During acute ischaemic stroke, the early restoration
of oxygen and glucose to the ischaemic region is the
best ‘neuroprotective therapy’. This is currently provided
clinically by thrombolysis which reinstates blood flow
by breaking down the clot or embolus. Targeting the
biochemical cascade that occurs following ischaemia
to restrict injury to the brain parenchyma has been
successfully trialled in many pre-clinical studies (O’Collins
et al. 2006). However, no neuroprotectant that directly
targets the brain parenchyma has achieved success in the
clinic, with many reasons being cited for these translational
failures (Hoyte et al. 2004). Many pre-clinical neuro-
protective studies were of low methodological quality
(O’Collins et al. 2006), with physiological parameters
not being measured. Studies have shown that some
neuroprotectants alter physiological parameters, such
as temperature, blood pressure and glucose, which
may contribute to their neuroprotective effects. One
example is the NMDA receptor antagonist MK-801
which induced hypothermia to produce neuroprotection
(Buchan & Pulsinelli, 1990). Reducing temperature is
a well-established protective mechanism and if it is
not adequately controlled in pre-clinical studies, it can
mask genuine neuroprotection of specific compounds.
In addition, MK-801 also significantly increased cerebral
blood flow (CBF) which contributed to its neuro-
protective effects (Buchan et al. 1992). Therefore, the
question is raised, do neuroprotective agents produce
neuroprotection by actively inhibiting the ischaemic
cascade thereby preventing cell death following an
injurious insult (pharmacological neuroprotection), or
do these agents alter physiological parameters such as
CBF and temperature (physiological neuroprotection)?
In this review, we will focus on the hypothesis that
neuroprotective agents may be reducing injury through
alteration of CBF during or following ischaemia in animal
models, an effect not necessarily translated to humans.
Other physiological parameters will not be further
discussed here. A selection of compounds that produce
neuroprotection while augmenting CBF in pre-clinical
studies are listed in Table 1.

CBF changes following ischaemia

Ischaemia has profound effects on CBF levels. Antegrade
blood flow ceases during arterial occlusion, but collateral
vessels may sustain cerebral perfusion in the arterial
bed (Liebeskind, 2007). Ischaemic damage occurs when
collaterals fail to provide adequate perfusion leading
to symptom onset (Liebeskind, 2007). The largest flow
reduction is observed in the ischaemic core territory, while
the reduction is less marked in the surrounding penumbra
(Girouard & Iadecola, 2006). Autoregulation of CBF is
lost during ischaemia meaning arterial blood pressure

changes have a large impact on CBF, with recent evidence
showing that pharmacologically induced hypertension
improves CBF and subsequently reduces injury following
middle cerebral artery occlusion (MCAO) (Shin et al.
2008). The neurovascular control of CBF is also disrupted
during ischaemia, with the loss of coupling between neural
activity and haemodynamic effects (Bundo et al. 2002).

Blood flow remains attenuated until the occluding
clot or embolus has been removed or dissolved. Upon
reperfusion, such as following treatment with the
thrombolytic recombinant tissue plasminogen activator
(rtPA), a significant hyperaemia within the ischaemic
region immediately occurs (Fig. 1). However, this is
followed by a post-ischaemic hypoperfusion (Fig. 1),
which can last for hours. This is described as the
‘no-reflow phenomenon’ and has been attributed to the
narrowing of capillaries (Hauck et al. 2004) and loss of
both arteriolar dilating mechanisms and cerebrovascular
reactivity (Leffler et al. 1989). Pericytes are susceptible
to ischaemic injury resulting in contraction of capillaries
causing attenuated CBF, even after reperfusion (Yemisci
et al. 2009). In addition, restoration of blood flow
following ischaemia can exacerbate damage to neurons
and the vasculature, which is termed ‘reperfusion injury’.
Reperfusion injury is due to the oxygen ‘surge’ and free
radical overproduction (Aronowski et al. 1997) leading
to blood–brain barrier (BBB) breakdown and oedema
formation (Heo et al. 2005). These effects produce further
dysregulation of CBF due to neuronal, glial and peri-
cyte injury (Attwell et al. 2010) and can antagonize any
beneficial effects produced by recanalization of the vessel
(Aronowski et al. 1997).

Link between CBF and neuroprotection

A number of pathways are involved in the control of
CBF (Attwell et al. 2010), with some also involved in
the biochemical cascade leading to cell death following
ischaemia. One example is glutamate, a neurotransmitter
that produces excitotoxicity but also activates pathways
that regulate CBF (Fig. 2). In neurons, glutamate activates
NMDA receptors, which increases intracellular Ca2+ and
vasodilates arterioles through nitric oxide (NO) and
prostaglandins (PGs). In astrocytes, glutamate activates
metabotropic glutamate receptors (mGluRs), which
releases arachidonic acid (AA) derivatives resulting in
either dilatation or constriction of vessels depending
on the metabolite. Many NMDA receptor antagonists
were neuroprotective pre-clinically but failed to trans-
late to clinical neuroprotection. Both competitive
(Takizawa et al. 1991) and non-competitive (Buchan
et al. 1992) NMDA receptor antagonists produced
significant increases in CBF while attenuating injury.
This suggests that NMDA receptor antagonists may
confer neuroprotection through augmenting CBF in
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Table 1. A selection of neuroprotective strategies that reduce neuronal injury and improve CBF following focal cerebral ischaemia
in animals

Strategy Action Model
Infarct
volume

CBF
change

Time of
administration

Route of
administration Reference

Phenylephrine α-1 agonist,
hypertensive

Mouse transient
MCAO

Reduced Increased 10 or 60 min
post MCAO
onset

I.V. infusion Shin et al.
(2008)

MK-801 NMDA receptor
antagonist

Rat permanent
& transient
MCAO

Reduced Increased 30 min prior
to MCAO

I.P. Buchan
et al.
(1992)

CGS-19755 NMDA receptor
antagonist

Rat permanent
MCAO

Reduced Increased At MCAO
onset

I.V. infusion Takizawa
et al.
(1991)

G-CSF &
GM-CSF

Cytokine &
haematopoietic

Mouse
permanent
MCAO

Reduced Increased 7 days prior
to MCAO

S.C. Sugiyama
et al.
(2011)

Exercise Many
mechanisms

Rat transient
MCAO

Reduced Increased 3 weeks
prior to
MCAO

Treadmill Zwagerman
et al.
(2010)

IPC Many
mechanisms

Mouse transient
MCAO

Reduced Increased 3 days prior
to MCAO

Short
MCAO

Hoyte
et al.
(2006)

IPC Many
mechanisms

Rat permanent
MCAO

Reduced Increased 24 h prior to
MCAO

Short
MCAO

Zhao &
Nowak
(2006)

DMOG PHD inhibitor Rat permanent
& transient
MCAO

Reduced Increased 20 h prior to
permanent
MCAO or at
reperfusion
following
transient
MCAO

I.P.
(permanent
MCAO), I.V.
(transient
MCAO)

Nagel
et al.
(2011)

VEGF Angiogenic Rat transient
MCAO

Reduced Increased
angiogenesis

24 h post
MCAO onset

I.C.V.
infusion

Sun et al.
(2003)

EPO Haematopoietic
and
erythropoietic

Mouse
permanent
MCAO

Reduced Increased 30 min prior
to MCAO

I.P. Li et al.
(2007)

DMOG, dimethyloxalylglycine; EPO, erythropoietin; G-CSF, granulocyte colony-stimulating-factor; GM-CSF, granulocyte-macrophage
colony-stimulating-factor; I.C.V. intracerebroventricular; IPC, ischaemic preconditioning; MCAO, middle cerebral artery occlusion;
PHD, prolyl hydroxylase; VEGF, vascular endothelial growth factor.

affected brain areas. Other neuroprotective strategies
also have similar effects on blood flow (see Table 1).
Granulocyte colony-stimulating-factor (G-CSF) and
granulocyte-macrophage colony-stimulating-factor
(GM-CSF) were neuroprotective following focal
ischaemia, which was coupled with an improvement
in cerebral perfusion and arteriogenesis (Sugiyama
et al. 2011). Animals that underwent exercise prior to
ischaemia had improved CBF upon reperfusion, which
was associated with a reduction in injury (Zwagerman
et al. 2010). This links the improvement of CBF with
reduction in injury. There is a possibility that many neuro-
protective agents modulate CBF following ischaemia and
protection may in part be due to the greater access to

oxygen and glucose rather than targeting the ischaemic
cascade to prevent cell death. It is imperative that all
pre-clinical cerebral ischaemia studies measure CBF to
assess what effects these agents are having on cerebral
perfusion. Many techniques can be used including laser
Doppler/Speckle flowmetry, magnetic resonance imaging,
perfusion-weighted imaging and autoradiography.

Changes in CBF with neuroprotective therapy may
contribute to some protective effects seen in animal
models of cerebral ischaemia, and these effects need
to be closely scrutinized before proceeding to clinical
trials with a putative neuroprotective compound. There
are some drugs that produced neuroprotection but had
no effects on CBF such as the antioxidant NXY-059
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(Zhao et al. 2001), suggesting that CBF augmentation
only forms part of the neuroprotective response. In
addition, many of these CBF-enhancing neuroprotective
drugs have also failed to translate into clinical success.
This limited efficacy in humans is probably not due
to the biological actions of the drug as significant
effects were seen in animals, but due to the differences
in methodology between clinical and pre-clinical trials
such as time window, and the heterogeneity of human
ischaemic stroke. Reasons for these translational failures
have been reported previously (Hoyte et al. 2004;
Endres et al. 2008). Acute stroke clinical trials assessing
neuroprotective drugs only measured clinical outcome
without assessing pharmacological effects. It is important
to establish clinically if the drugs are producing the
desired biochemical/physiological changes (such as CBF
alteration) as well as any clinical benefit. Biomarkers

that are directly involved in the ischaemic cascade could
be used as a surrogate of ischaemia and potentially
titrate any neuroprotective effect. Unfortunately, such
biomarkers have currently not yet been identified.
Measuring additional outcomes will provide clues to
reasons for translational failure of neuroprotectants and
how translation can be improved to make neuroprotection
a clinical reality.

Ischaemic preconditioning changes in CBF

In addition to neuroprotective agents, ischaemic pre-
conditioning (IPC) is an established experimental
protocol that confers resistance to ischaemia, partially by
altering CBF (Dirnagl et al. 2009). IPC is induced by a
short period of ischaemia that improves the tolerance of
the brain to subsequent injurious ischaemia (Chen et al.

Figure 1. CBF during ischaemia and reperfusion and subsequent injury in the rat model of MCAO
A, methodology of the MCAO technique and ethical regulations associated with these experiments have been
previously described (Nagel et al. 2011). Laser Doppler flowmetry was used to measure relative CBF over the right
somatosensory cortex of a male Wistar rat. Baseline CBF was normalized to 100% blood flow units (BFU). Upon
temporary common carotid artery (CCA) ligation, CBF was reduced to 60% BFU. A silicon-coated 4-0 monofilament
was then inserted through the external carotid artery and advanced up the internal carotid artery to occlude the
right middle cerebral artery (MCA). MCAO was confirmed by a sharp decrease in CBF to < 20% BFU, and this was
maintained for 90 min. Reperfusion of the MCA was achieved through retraction of the monofilament, when a
sharp increase in CBF and a small hyperaemia was observed. After 5 min of MCA reperfusion (to allow removal
of the monofilament), the CCA was unclamped to allow full reperfusion to the ischaemic area, which produced
a further increase in CBF and hyperaemia lasting approximately 10 min. This was followed by a post-ischaemic
hypoperfusion at 50% BFU during the next 60 min. B, cerebral injury was observed 24 h post-ischaemia onset in
the striatum and the cortex (arrows) from the same animal as A using triphenyl-tetrazolium staining.
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1996). Protection is observed in two time windows: an
early one, occurring within minutes of the IPC stimulus
and a late one at 24–72 h post IPC. The contribution
of CBF to the increased resistance of the IPC brain has
only been correlated with the late window of protection.
Rodent studies have demonstrated that IPC animals had an
attenuated drop in regional CBF (rCBF) in the ipsilateral
hemisphere during MCAO compared to naive animals,
which resulted in smaller infarct volumes (Hoyte et al.
2006; Zhao & Nowak, 2006).

The ability of preconditioned animals to maintain rCBF
appears to be mediated by the induction of genes and
pathways involved in the preservation of the vasculature’s
integrity. Genes participating in vasculogenesis and vaso-
regulation, such as endothelial nitric oxide synthase
(eNOS), vascular endothelial growth factor (VEGF) and
erythropoietin (EPO) are activated by IPC (Gustavsson

et al. 2007b). VEGF stimulates vasculogenesis, increasing
the vascular density (Gustavsson et al. 2007a), while
both eNOS (Atochin et al. 2003) and EPO (Li et al.
2007) improve rCBF. VEGF and EPO also activate the
phosphoinositide 3-kinase (PI3k)-Akt pathway, which can
regulate eNOS activity (Hashiguchi et al. 2004). NO
produced by eNOS causes vasodilatation and decreases
leukocyte–endothelial interactions (Atochin et al. 2003).
eNOS is required for ischaemic tolerance by IPC since IPC
did not produce protection against ischaemia in eNOS
knockout mice (Atochin et al. 2003).

Overall, alterations of CBF contribute to the neuro-
protective capacity of IPC. However, this physiological
effect is a manifestation of changes in gene expression
and protein activity, which maintain the integrity and
increase the tolerance of the neurovascular unit to severe
ischaemia.

Figure 2. The control of CBF by glutamate through astrocytes and neurons
Glutamate released from synapses can modulate vascular tone and the subsequent supply of oxygen and glucose
through neurons and astrocytes. In neurons, glutamate activates NMDA receptors increasing [Ca2+]i and either
producing NO through neuronal nitric oxide synthase (nNOS) or prostaglandins (PG) through phospholipase A2

(PLA2) and cyclooxygenase-2 to dilate vessels. In astrocytes, glutamate acts on metabotropic glutamate receptors
(mGluR) which increases [Ca2+]i and generates arachidonic acid (AA). Three metabolites are derived from AA: PG
and EETs in astrocytes which dilate vessels, and 20-HETE in smooth muscle which constricts vessels. Ca2+-gated
K+ channels (gK(Ca)) on astrocytic endfeet are also activated which releases K+ to dilate vessels. This figure has
been reproduced with permission from Attwell et al. (2010) and Nature Publishing Group.
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CBF changes through oxygen sensors and
downstream pathways

Hypoxia-inducible factor (HIF), the master regulator
of oxygen homeostasis, is an attractive pharmacological
target that could be used to enhance cerebral perfusion
(Semenza, 1999). HIF is composed of two subunits, α and
β. Under normoxia, iron- and 2-oxoglutarate-dependent
oxygenases utilize oxygen to catalyse the hydroxylation
of HIF-α, which then targets HIF-α for proteasomal
degradation; during ischaemia, the lack of oxygen prevents
the hydroxylation of HIF-α, and allows HIF to induce
the transcription of a number of target genes including
VEGF and EPO (Harten et al. 2010). Iron chelators
or 2-oxoglutarate-dependent oxygenase inhibitors can
stabilize and activate HIF, which have been shown to
produce neuroprotection and are associated with the
improvement of CBF after reperfusion (Harten et al.
2010). Administration of dimethyloxalylglycine (DMOG),
an inhibitor of 2-oxoglutarate-dependent oxygenases,
reduced infarct volume following both permanent (Fig. 3)
and transient MCAO (Nagel et al. 2011). Pretreatment
with DMOG produced less severe ischaemia during
permanent MCAO that was inversely correlated with
injury (Fig. 3), while DMOG post-treatment following
60 min MCAO upregulated CBF at 24 h (Nagel et al.
2011). In humans, infusion of desferroxamine (DFO), an
iron chelator, led to cerebral vasodilatation and improved
CBF, and was temporally associated with HIF-1 activation
(Sorond et al. 2009). DFO also increased forearm
blood flow and improved vasoreactivity in patients with
endothelial dysfunction (Duffy et al. 2001).

Many genes (eNOS, VEGF and EPO) that are activated
by IPC are HIF target genes (Harten et al. 2010), and can
have an effect on outcome following ischaemia through
perfusion changes and angiogenesis. Mice with vaso-
dilatory eNOS knocked out had larger infarcts than
wild-type mice, had more severe ischaemia (Huang
et al. 1996), and had diminished ischaemia-induced
angiogenesis and pericyte recruitment (Yu et al. 2005).
Moreover, administration of NO donors increased CBF
which was associated with a reduction in infarct
volume following permanent ischaemia (Willmot et al.
2005). VEGF is a pivotal regulator in angiogenesis,
and first appears in CNS pericytes within 24 h of
low oxygen exposure, and in pericapillary astrocytes
by 4 days (Dore-Duffy & LaManna, 2007). VEGF
administration intracerebroventricularly reduced infarct
volume and neurological deficit following MCAO while
increasing neurogenesis and angiogenesis (Sun et al. 2003).
Conversely, VEGF can activate matrix metalloprotease-9
leading to vascular permeability and BBB breakdown
(Valable et al. 2005). EPO levels increase substantially
within hours of hypoxic stimulation (Jelkmann, 1992)
and act upon vascular cells to foster angiogenesis (Li

et al. 2004). EPO administration to mice that underwent
MCAO reduced infarct volume, which was associated with
an increase in angiogenesis and rCBF (Li et al. 2007).
However, a recent multi-centre EPO stroke trial failed to
provide neuroprotection (Ehrenreich et al. 2009). This
reinforces the notion that neuroprotection of EPO seen in
pre-clinical studies might be due to confounding factors
such as an increase in CBF.

HIF activation following ischaemia promotes
angiogenesis, which is capable of overcoming the
detrimental effects of arterial occlusion by augmenting
rCBF which is determined by the quantity of microvessels
(Fraisl et al. 2009). Capillary restructuring requires at
least a week, and thus does not play a part in transient
disturbances to the balance between oxygen delivery and
energy demand (LaManna et al. 2004). Nevertheless, in
subacute and chronic phases, the increase in capillary
density, and thus the increase in glucose transporter-1
protein, results in an increase in the transport of glucose
across the BBB, compensating for the increased glucose
consumption in hypoxia (LaManna et al. 2004).

CBF alteration with thrombolysis

The only FDA-approved thrombolytic for acute ischaemic
stroke is rtPA which restores CBF, but its application is
limited to within 4.5 h from ischaemic onset (Hacke et al.
2008). rtPA produces a decrease in eNOS expression (Kilic
et al. 2005) which may contribute to the post-ischaemic
hypoperfusion (Fig. 1) (Kilic et al. 2001), and also leads to
dysfunctional vascular reactivity to vasoactive mediators
(Cipolla et al. 2000). In addition, rtPA can directly affect
the integrity of the BBB via the low density lipoprotein
receptor-related protein (Yepes et al. 2003) leading to the
dissociation of astrocytic endfeet from cerebral vessels
(Yamashita et al. 2009) and vasogenic oedema (Goto et al.
2007). rtPA also potentiates NMDA receptor activation
(Nicole et al. 2001) leading to neurotoxicity (Harston et al.
2010).

On the other hand, rtPA is involved in neuro-
vascular regulation by enhancing the coupling between
NMDA receptor activity and the synthesis of neuro-
nal NO (Park et al. 2008). rtPA is formulated in a
high concentration of L-arginine, the substrate for NO
production. L-Arginine has a number of beneficial effects
on CBF, mainly related to endothelial NO activation.
L-Arginine increases CBF following I.V. infusion in healthy
volunteers (Pretnar-Oblak et al. 2006), and in animal
models of cerebral ischaemia (Willmot et al. 2005),
which can reduce injury. Ischaemic vessels also pre-
ferentially dilate with L-arginine compared to vessels in
non-ischaemic tissue (He et al. 1995). It is currently
unknown whether administering rtPA with L-arginine is
beneficial, but L-arginine may be fuelling rtPA neuro-
toxicity through the NO pathway (Harston et al. 2010).
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Administering rtPA with a neuroprotective agent
could improve post-ischaemic CBF, reduce cerebral
injury, restrict adverse effects and extend the therapeutic
time window. Numerous agents have additive effects
with rtPA in animal models of cerebral ischaemia,
including free radical scavengers, matrix metalloprotease
inhibitors, anti-excitotoxic and anti-inflammatory agents
(Kaur et al. 2004). Unfortunately, none of these
approaches have reached clinical practice. Identifying
combination strategies that can counteract rtPA-induced

post-ischaemic hypoperfusion and neurotoxicity as well as
providing a neuroprotective effect may lead to a reduction
in injury and improved functional outcome following
stroke.

Conclusion

Many neuroprotective treatments for ischaemic stroke
are successful pre-clinically in animal models but have
failed to translate into clinical benefit. A number of

Figure 3. The effects of dimethyloxalylglycine (DMOG) on cerebral injury and CBF following permanent
MCAO
A, one representative animal per group is presented by diffusion-weighted imaging (DWI) and apparent diffusion
coefficient (ADC) maps. In DWI, infarcts are detected as areas of hyperintensity; in ADC maps, infarcts are
detected as areas of hypointensity. B, quantification of ADC infarct volumes 24 h post-MCAO onset show that
both 40 mg kg−1 DMOG and 200 mg kg−1 DMOG reduced infarct volume compared to control. ∗P < 0.05 versus
control. C, arterial spin labelling: perfusion-weighted imaging was used to create rCBF maps for each group 1 h,
3 h and 24 h post-MCAO. Areas with reduced blood flow are detected as areas of hypointensity. D, rCBF values
decreased significantly for all groups following occlusion. During occlusion, rCBF values were not significantly
different between groups, but at 1 and 24 h there was a tendency towards higher rCBF values in the 40 mg kg−1

DMOG group compared with the other groups. #P < 0.1 versus control. E, mean rCBF over time was inversely
correlated (P < 0.001) with final infarct volume, with the 40 mg kg−1 DMOG group producing higher rCBF (50%
of animals were above the critical threshold of 30% rCBF of baseline) associated with lower infarcts. This figure
has been adapted and reproduced with permission from Nagel et al. (2011) and Nature Publishing Group.
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these neuroprotective agents appear to be modulating
CBF, which may improve access to oxygen and glucose
in the brain leading to their observed protective effect,
rather than a biochemically mediated prevention of
cell death. However, even neuroprotective drugs that
augment CBF in animal studies have failed to trans-
late into clinical neuroprotection, which may be due
to methodological differences rather than drug action.
This suggests that most likely CBF improvement may
be important, but not necessary, for neuroprotection.
Neuroprotective strategies that have multiple mechanisms
of action including augmenting CBF will present the
most attractive option for neuroprotective acute stroke
treatment. Any future neuroprotective therapy will be
used in conjunction with thrombolysis, which restores
blood flow to the affected area. Future pre-clinical studies
must use careful monitoring of CBF, and other physio-
logical parameters, to identify if neuroprotective agents
have effects on these parameters in addition to their
specific mechanism of action. Also, clinical studies should
use additional measures to assess the pharmacological
effects of any neuroprotective drug as well as clinical
outcome. By ascertaining these effects, genuine or ‘true’
neuroprotection can be identified, which should aid
in translation to human studies and ultimately clinical
benefit.
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