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Pharmacologically increasing collateral
perfusion during acute stroke using a
carboxyhemoglobin gas transfer agent
(SanguinateTM) in spontaneously
hypertensive rats

Marilyn J Cipolla1, Italo Linfante2, Abe Abuchowski3,
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Abstract

Similar to patients with chronic hypertension, spontaneously hypertensive rats (SHR) develop fast core progression

during middle cerebral artery occlusion (MCAO) resulting in large final infarct volumes. We investigated the effect of

SanguinateTM (SG), a PEGylated carboxyhemoglobin (COHb) gas transfer agent, on changes in collateral and reperfusion

cerebral blood flow and brain injury in SHR during 2 h of MCAO. SG (8 mL/kg) or vehicle (n¼ 6–8/group) was infused i.v.

after 30 or 90 min of ischemia with 2 h reperfusion. Multi-site laser Doppler probes simultaneously measured changes in

core MCA and collateral flow during ischemia and reperfusion using a validated method. Brain injury was measured using

TTC. Animals were anesthetized with choral hydrate. Collateral flow changed little in vehicle-treated SHR during

ischemia (�8� 9% vs. prior to infusion) whereas flow increased in SG-treated animals (29� 10%; p< 0.05). In addition,

SG improved reperfusion regardless of time of treatment; however, brain injury was smaller only with early treatment in

SHR vs. vehicle (28.8� 3.2% vs. 18.8� 2.3%; p< 0.05). Limited collateral flow in SHR during MCAO is consistent with

small penumbra and large infarction. The ability to increase collateral flow in SHR with SG suggests that this compound

may be useful as an adjunct to endovascular therapy and extend the time window for treatment.

Keywords

Collateral perfusion, hypertension, ischemic stroke, infarction, reperfusion

Received 20 January 2017; Revised 8 March 2017; Accepted 13 March 2017

Introduction

Brain injury secondary to ischemia is highly complex,
heterogeneous, and severely time sensitive, making
treatment of this condition difficult. Currently, the
only effective treatment for ischemia secondary to
large artery occlusion (LVO) is rapid restoration of
blood flow with tissue plasminogen activator (tPA)
and/or clot removal by mechanical thrombectomy.
Although numerous neuroprotective agents have been
tried in randomized controlled trials, none have
shown clinical benefit.1,2 Both the success of revascular-
ization therapies and the failure of traditional
neuroprotection strategies that focused only on neur-
onal cell death have led stroke researchers to reconsider
the important role of the cerebral perfusion in acute

stroke treatment.3,4 However, the ability to rapidly
restore blood flow to the ischemic region and improve
outcome depends on the initial size of the infarction
and the presence of salvageable tissue on imaging.5–7

In this regard, the vast majority of stroke patients are
excluded from revascularization therapies because they
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will have little benefit from treatment and may have
worse outcome due to hemorrhage or malignant
edema.2,8,9 Therefore, a major advance in stroke therapy
would be to provide treatment to patients with large
ischemic core at admission that would otherwise be
poor candidates for endovascular therapy or tPA.

An important consideration for acute stroke treat-
ment and therapeutic recanalization is the amount of
potentially salvageable tissue and the presence of an
ischemic penumbra.6,7,10,11 The ischemic penumbra is
a region of constrained blood supply surrounding the
core infarction.11,12 Within this peri-infarct region,
blood flow is high enough to sustain structural mem-
brane integrity of the neuronal tissue, but too low to
maintain functional activity.11,12 Tissue within the pen-
umbra is potentially salvageable if reperfusion is rapid
or neuroprotective agents are present to prevent cell
death.11–13 Blood flow to the penumbra is via secondary
pial collaterals or the leptomeningeal anastomoses
(LMAs) – distal connections between major arterial
territories – that provide retrograde flow from the
unobstructed to obstructed region.14–16 Studies in ani-
mals have shown an association between number and
size of LMAs and infarction, suggesting an important
role for LMAs in stroke outcome.6,7,10 In the clinical
setting, good collateral status at the time of occlusion
has been shown to be a strong predictor of recanaliza-
tion and better reperfusion.6,7,10 However, a true cause
and effect relationship between collateral perfusion and
progression to infarct has yet to be established in
humans because of our limited spatiotemporal visual-
ization and understanding of collateral dynamics.
Despite these limitations, collateral therapeutics is an
emerging area of investigation, and clinical trials are
underway to determine if interventions can increase col-
lateral flow in the acute setting and improve stroke
outcome.3

In the current study, we used spontaneously hyper-
tensive rats (SHR) to investigate collateral flow dynam-
ics and the relationship to reperfusion cerebral blood
flow (CBF) and acute brain injury. We used SHR
because they have been shown to have small amounts
of salvageable tissue and large ischemic cores.17,18 In
addition, chronic hypertension is present in 70–80%
of all stroke patients.19,20 Therefore, this model
mimics the human stroke population that currently
may not benefit from revascularization therapies. We
recently demonstrated that LMAs (pial collaterals)
from SHR were highly vasoconstricted, but not appre-
ciably smaller structurally, that may contribute to
decreased penumbral tissue.21 That LMAs are vasocon-
stricted in SHR also suggest that pharmacologically
increasing collateral flow in these animals is possible
through selective vasodilation of pial collaterals.
Therefore, we used SanguinateTM (SG), a PEGylated

carboxyhemoglobin (COHb) gas transfer agent that has
been previously shown in normotensive animals to pre-
vent pial arteriolar vasoconstriction within the LMA
territory during middle cerebral artery occlusion
(MCAO).22 SG is hemoglobin (Hb)-based and capable
of delivering oxygen to ischemic tissue in a low p50-
dependent manner (PO2 at 50% oxyhemoglobin satur-
ation). Therefore, gas exchange and vasodilation will be
limited to ischemic tissue and the vasculature within it.
We treated SHR with clinically relevant doses of SG at
both early (after 30min of ischemia) and delayed
(after 90min of ischemia) time periods and measured
ischemic core and collateral flow using multi-site dual
laser Doppler probes. In addition, we measured reper-
fusion CBF and acute brain injury to determine the
relationship between changes in collateral perfusion,
reperfusion CBF, and brain injury in SHR. We focused
on early time points of ischemia and reperfusion
because studies have shown that tissue outcome
depends on the evolution of tissue perfusion in the
hyperacute phase of stroke.23

Materials and methods

Animals

Male spontaneous hypertensive rats (SHR, 16–18
weeks old; n¼ 40) (Harlan, Kingston, NY, USA)
were used in this study. Females were not used in this
study to avoid endogenous estrogen. Animals were
housed in the Animal Care Facility at the University
of Vermont, an Association for Assessment and
Accreditation of Laboratory Animal Care-accredited
facility. Animals were housed on a 12-h light/dark
cycle and allowed free access to food and water. All
animal procedures were approved by the Institutional
Animal Care and Use Committee at the University
of Vermont and complied with the National Institutes
of Health guidelines for care and use of laboratory ani-
mals. ARRIVE guidelines were followed except where
indicated.

Model of transient focal ischemia

Surgical endovascular insertion of a silicon-coated
monofilament was performed to induce transient prox-
imal middle cerebral artery occlusion (tMCAO) for 2 h
of ischemia followed by filament removal to allow
reperfusion for 2 h, as previously described.24 Briefly,
animals were anesthetized with isoflurane in oxygen
(2–3%), intubated, and mechanically ventilated to
maintain blood gases within normal physiological
ranges (please see Supplemental Table). Because iso-
flurane is a potent vasodilator of the cerebral circula-
tion, isoflurane was tapered off and chloral hydrate
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anesthesia (200–300mg/kg, i.v.) was used during
MCAO after instrumentation and placement of cath-
eters. The depth of anesthesia was assessed regularly by
depth of breathing and toe pitch and additional anes-
thetic was given when necessary. Both femoral arteries
were catheterized for monitoring blood pressure and
obtaining blood samples for blood gas measurements.
Both femoral veins were catheterized for infusion of
chloral hydrate and treatments (see below).

Treatments

SG (8mL/kg, i.v.; n¼ 8/group) or vehicle (lactated
Ringer’s solution, LRS; 8mL/kg, i.v; n¼ 6/group)
were infused after 30min of ischemia (early treatment)
or after 90min of ischemia (delayed treatment).
Treatment with vehicle vs. SG was randomly assigned
using an online randomization tool (random.org). To
avoid exposure to air (oxygen), 1ml of SG was removed
at the luer-lock connection of the storage bag and dis-
carded before withdrawing the appropriate amount for
administration prior to each experiment. Ten min
before SG treatment, animals were infused with tissue
plasminogen activator (tPA, 0.9mg/kg, i.v.). In a sep-
arate set of SHR (n¼ 8), LRS containing 5% (weight
by volume) bovine serum albumin (BSA, 8mL/kg, i.v.)
was infused after 30min of ischemia as a control for the
colloid nature of SG that increased blood pressure in
SHR. Concealment of the treatment was not possible

due to SG being red in color. However, experimenters
were blinded during all analyses (see below).

Measurement of changes in core and collateral blood
flow using multi-site dual laser Doppler probes

Laser Doppler flowmetry (Perimed Inc., Ardmore, PA,
USA) was used to measure changes in CBF in both the
MCA and collateral arterial territories using dual
probes, as previously described.25,26 This method of
continuously and simultaneously measuring changes
in MCA core and collateral flow during MCAO using
multi-site dual laser Doppler probes has been used pre-
viously and validated using magnetic resonance ima-
ging (MRI).26 Briefly, needle probes were secured to
the skull in holders above small burr holes at specified
coordinates determined from a rat brain atlas:27 Probe
1 was placed at þ4mm lateral of midline and �2mm
posterior of Bregma to measure changes in core MCA
flow; Probe 2 was placed þ3mm lateral of midline
suture and þ2mm anterior of Bregma to measure
changes in flow just lateral to the border zone between
the anterior cerebral artery (ACA) and MCA perfusion
territories. Thus, Probe 2 monitored changes in residual
perfusion supplied by retrograde flow through LMAs
during MCAO (i.e. collateral flow). These coordinates
have also been validated to measure MCA core and
peri-infarct CBF during MCAO using hydrogen clear-
ance.28 Figure 1(a) shows the placement of both probes
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Figure 1. Measurement of MCA core and collateral CBF using multi-site laser Doppler probes. (a) Photomicrograph of rat brain

demonstrating coordinates of dual laser Doppler probe placement on the skull relative to Bregma. Probe 1 was placed within the

middle cerebral artery (MCA) ischemic core territory. Probe 2 was placed within the MCA territory but lateral to leptomeningeal

anastomoses (LMA) between the anterior cerebral artery (ACA) and MCA territories such that changes in flow corresponded to

changes in LMA flow. The LMA territory was determined by connections between branches of MCA and ACA (circles). (b) Graph

comparing initial drop in CBF from baseline before filament insertion between MCA (Core) and peri-infarct (Peri) collateral CBF. Drop

in collateral CBF (probe 2) was significantly less than that of the core MCA territory (probe 1) demonstrating that each probe was

measuring different hemodynamic areas. *p< 0.05 vs. Probe 1.
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on the brain in relation to core MCA and collateral
arterial territories. Changes in CBF were measured
continuously throughout ischemia and reperfusion,
and calculated as percent change from baseline.
Animals were excluded if the drop in CBF in the core
MCA territory was <66% from baseline flow before
filament insertion.

Changes in collateral flow in response to vehicle or
SG infusion were compared in two ways. First, the
change in collateral flow from baseline (probe 2) after
filament insertion just prior to infusion of vehicle or SG
was calculated and averaged over 1.5 h of treatment.
Second, because we could detect both transient and
sustained increases in collateral flow, we measured the
number, duration, and magnitude (area under the
curve, (AUC)) of collateral flow increases (events)
over the 1.5 h of treatment. Changes in collateral flow
using this second method was performed from the flow
tracings by two investigators blinded to the experimen-
tal group.

Measurement of arterial blood pressure

Arterial blood pressure was measured through a fem-
oral artery catheter connected to a pressure transducer
and monitor (Living Systems Instrumentation,
St. Albans, VT) in anesthetized animals. Blood pressure
was continuously measured and recorded throughout
the experiment.

Determination of acute brain injury volume

After 2 h of reperfusion, animals were quickly decapi-
tated under anesthesia and the brain removed and cut
into 2mm coronal sections for measurement of brain
injury volume using 2,3,5-triphenyltetrazolium chloride
(TTC) staining, as described previously.28 Injury area
of each section was calculated as a percent of ipsilateral
normalized to the contralateral hemisphere (edema cor-
rection) using ImageJ software (NIH, Bethesda, MD,
USA). Brain injury volume (percentage of contralat-
eral) was calculated for each brain by two independent
investigators blinded to the groups. Edema was mea-
sured as the percentaage difference in area between ipsi-
lateral and contralateral hemispheres.

Excluded animals

A total of four animals were excluded, one in the
BSA-treated group and three in the vehicle-treated
group. Three animals were excluded due to insufficient
drop in CBF during filament insertion. One other was
excluded due to filament-induced hemorrhage. There
was no excluded animal in delayed vehicle and SG
treatment groups.

Drugs and solutions

SanguinateTM (PEGylated carboxyhemoglobin,
bovine) (SG) was supplied by Prolong
Pharmaceuticals (South Plainfield, NJ, USA) and was
stored at 4�C until use. tPA (Cathflo� Activase�) was
purchased from Genentech, Inc. (South San Francisco,
CA, USA). BSA, TTC, and formalin were purchased
from Sigma (St. Louis, MO, USA). BSA was dissolved
in sterile lactated Ringer’s solution before use.

Data calculations and statistical analysis

Results are presented as mean�SEM. Mann–Whitney
U test was used to determine differences between
vehicle- and SG-treated animals. Kruskal–Wallis test
was used to determine differences between vehicle, SG,
and BSA treatments with a post-hoc Bonferroni test
for multiple comparisons. Repeated measures analysis
of variance (ANOVA) was used to compare reperfu-
sion CBF vs. baseline. Differences were considered
significant at p< 0.05. A formal sample size was
not determined prior to collateral or infarct size meas-
urements with SG treatment due to unknown
outcomes.

Results

Effect of hypertension and SG treatment
on collateral flow

The use of dual laser Doppler probes placed at coordin-
ates that measuredMCA core andMCA-ACA collateral
perfusion has been previously validated.25,26 However,
to assure that we were measuring distinct perfusion
territories, the change in CBF in response to filament
occlusion was compared between probe 1 and probe 2.
Figure 1(b) shows the change in CBF from baseline
immediately after filament insertion for both probes sim-
ultaneously. Evident from this graph is that peri-infarct
flow was significantly less than core flow (Mann–
Whitney U test, df¼ 1, p¼ 0.009), demonstrating that
the two probes were measuring different hemodynamic
regions.

Figure 2 shows the change in collateral flow
(probe 2) from baseline prior to infusion of either vehi-
cle or SG measured every 10min (Figure 2(a)) or aver-
aged over the 1.5 h of treatment (Figure 2(b)). Vehicle
treatment had little effect on collateral flow that was
mostly below or near baseline during the entire 1.5 h
of infusion. However, SG treatment significantly
increased flow within the first 40min (Figure 2(a),
Mann–Whitney U test, df¼ 1, p¼ 0.001) and remained
above baseline for the entire 1.5 h of treatment
(Figure 2(b), Mann–Whitney U test, df¼ 1, p¼ 0.019).
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In addition to measuring overall changes in flow, we
could also detect discrete increases in collateral flow
during filament occlusion. Figure 3(a) shows represen-
tative tracings of MCA flow (probe 1, top trace), col-
lateral flow (probe 2, middle trace) and blood pressure
from a SHR treated with SG. The red arrows show
both transient and sustained increases in collateral
flow that were mostly independent of changes in
MCA flow or blood pressure. In contrast, Figure 3(b)
shows representative tracing from a vehicle-treated
SHR to demonstrate the lack of discrete increases in
collateral perfusion events. The quantification of the
number and duration of increased flow events for vehi-
cle- and SG-treated animals is shown in Figures 3(c)
and (d), determined offline from the tracings in a
blinded manner. In addition to SG increasing overall
collateral flow from baseline as shown in Figure 2, SG
also increased the number (Mann–Whitney U test,
df¼ 1, p¼ 0.021), duration (p¼ 0.004), and magnitude
(118� 54 vs. 8� 8 units� s� 1000 in vehicle, p¼ 0.007)
of these discrete increased flow events.

Effect of SG treatment on reperfusion CBF and acute
brain injury

Figure 4 shows changes in CBF in the core MCA region
(probe 1) during the entire ischemic and reperfusion
duration for animals treated with SG or vehicle.
Only animals with �67% decrease in CBF in the
MCA territory were included and therefore all animals
had similar drop in CBF during filament occlusion that
was sustained for the entire 2 h. In both the delayed and

early treatment groups, vehicle-treated SHR had
incomplete reperfusion that also declined over the 2-h
reperfusion duration. However, treatment of SHR with
SG improved reperfusion regardless of whether the
treatment was early (Figure 4(a), Mann–Whitney U
test, df¼ 1, p¼ 0.002) or delayed (Figure 4(b), Mann–
Whitney U test, df¼ 1, p¼ 0.002).

Figure 5 shows the effect of SG on acute brain injury
volume in both SHR groups. SG given after 30min of
ischemia significantly decreased injury volume (Mann–
Whitney U test, df¼ 1, p¼ 0.026) in SHR (Figure 5(a)).
The beneficial effect of SG in SHR was not apparent
when treatment was given after 90min of ischemia
(Mann–Whitney U test, df¼ 1, p¼ 0.595) (Figure 5(b)).
Thus, delayed treatment was without benefit. Edema
(percentage of contralateral) was measured off the
TTC stained brain sections and found not to be differ-
ent regardless of treatment: 8.3� 1.2% vs. 7.9� 1.7%
for vehicle vs. SG early treatment and 9.8� 1.6% vs.
9.8� 2.5% for vehicle vs. SG delayed treatment;
p> 0.05.

Relationship between changes in collateral flow,
reperfusion CBF, and acute brain injury

Collateral flow has emerged as a strong predictor of
recanalization and improved stroke outcome.6,7,10 We
therefore assessed the relationship between the change
in collateral CBF (average change from baseline prior
to treatment) and reperfusion in all animals treated at
30min of occlusion. Figure 6(a) shows that there was a
significant positive correlation between collateral flow
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Figure 2. Effect of SG treatment on collateral CBF during ischemia. (a) Graph showing percent change in collateral CBF (probe 2)

calculated as a percent change from prior to treatment and 30 min after filament occlusion. Vehicle-treated SHR had minimal changes

in collateral flow during the entire ischemic duration. However, treatment with SG significantly increased collateral flow during the

first 40 min after treatment and remained elevated throughout ischemia. (b) Graph showing the average change in collateral flow for

90 min in response to SG or vehicle. Vehicle-treated SHR had collateral flow that was below baseline versus prior to treatment

whereas SG treatment significantly increased collateral flow. *p< 0.05 vs. SHR vehicle-treated.
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and reperfusion CBF such that the better collateral
flow, the better reperfusion. Figure 6(b) shows there
was also a significant correlation between collateral
flow and brain injury such that the greater increase in
flow, the smaller the injury. Lastly, Figure 6(c) shows
that reperfusion CBF was not significantly related to
brain injury in these hypertensive animals.

Effect of blood pressure on collateral flow,
reperfusion CBF, and brain injury volume

Infusion of SG increased blood pressure significantly
(Kruskal–Wallis test, df¼ 2, p¼ 0.001 at 40min) in
SHR (Figure 7(a)). Because mild induced hypertension
has been shown to increase penumbral flow and reduce

infarction in normotensive animals,29 a separate set of
SHR were treated with 5% BSA to raise blood pressure
similar to SG-treated SHR to distinguish the effects of
SG vs. hypertension. Treatment with BSA increased
blood pressure in SHR but not to the same level as
SG. Figure 7(b) shows the effect of increasing blood
pressure with BSA on collateral CBF compared to vehi-
cle and SG (Kruskal–Wallis test, df¼ 2, p¼ 0.001 at
50min). Similar to vehicle, BSA had little effect on col-
lateral CBF over the 1.5 h of infusion during ischemia
and had no beneficial effect on acute brain injury
(Figure 7(c)). In addition, BSA treatment did not
affect the number of discrete flow increases or the dur-
ation and magnitude of the increased collateral flow
events in SHR, despite having increased blood pressure
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Figure 3. Effect of SG treatment on discrete collateral perfusion events. Representative laser Doppler CBF tracings from SG-treated

(a) or vehicle-treated (b) SHR for core MCA CBF (upper), collateral CBF (middle) and blood pressure (lower tracing) demonstrating

discrete increases in collateral flow (arrows). The collateral CBF tracings were used to compare the number, duration and magnitude

(AUC) of these discrete events by investigators blinded to group. Graph showing number (c) and duration (d) of increased collateral

perfusion events in SHR with either vehicle or SG treatment given after 30 min of ischemia. SHR had discrete collateral perfusion

events that were infrequent and short in duration. Treatment with SG significantly increased the number and duration of collateral

perfusion events in SHR. *p< 0.05 vs. SHR-vehicle treatment.
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during ischemia (see Supplemental Figure S1). In add-
ition, BSA had no effect on reperfusion CBF or edema
(see Supplemental Figures S2 and S3).

Discussion

Hypertension is prevalent in the stroke population that
not only increases the risk of stroke but also worsens
stroke outcomes.17,18,30,31 In the current study, we
showed that SHR had little to no collateral flow
during ischemia and poor reperfusion that worsened
over time. Treatment with the gas transfer agent SG
increased collateral flow and improved reperfusion

that was associated with smaller acute brain injury if
given after 30min of occlusion. Thus, it appears that
treatment with SG in SHR had beneficial effects on
cerebral perfusion and that in turn was associated
with smaller injury volumes. The ability to pharmaco-
logically increase collateral perfusion in this model adds
data to our limited understanding of collateral dynam-
ics and may provide an opportunity to extend the time
window for recanalization therapies particularly in
patients with poor collateral status.

We used a validated method to measure changes in
collateral flow by placing dual laser Doppler probes at
two different sites over the core and peri-infarct

Figure 4. Effect of early and delayed SG treatment on reperfusion CBF in SHR. Graphs showing changes in CBF in the MCA ischemic

core territory (probe 1) during ischemia and reperfusion for vehicle- and SG-treated SHR for early (a) and delayed (b) treatment.

Animals were excluded if the drop in CBF during ischemia was <66% of baseline and therefore there was no difference in ischemic

CBF in any of the groups. Vehicle-treated SHR had reperfusion that was below baseline and became progressively worse over time.

Both early and delayed SG treatment improved reperfusion compared to vehicle treatment in SHR. *p< 0.05 vs. CBF at baseline by

repeated measures ANOVA.

Figure 5. Effect of early and delayed treatment with SG on acute brain injury volume in SHR. (a) Acute brain injury volume of SHR

was significantly decreased after early treatment with SG compared to vehicle treatment. (b) There was no beneficial effect of SG in

SHR on brain injury volume when SG treatment was delayed 90 min. *p< 0.05 vs. SHR vehicle treatment.
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vascular territories.25,26 This method of measuring
changes in collateral flow was validated using MRI
and perfusion-diffusion mismatch to visualize the
penumbra.26 We confirmed that distinct hemodynamic
territories were being measured by the 2 probes during
filament occlusion (Figure 1), making us confident that
the change in flow measured by probe 2 was indeed
collateral flow between the ACA and MCA territories.
Using this approach, we found that collateral flow
in vehicle-treated SHR was minimal. This result was
similar to previous studies that used MRI to show
that both renal and genetic hypertensive animals have
small penumbral tissue and large ischemic cores.17,18

Importantly, SG treatment substantially increased col-
lateral flow in SHR (Figure 2). The increase in collat-
eral flow was not likely due to a decrease in the pressure
gradient from the MCA to ACA territory because the
increase was measured as a change from baseline just
prior to infusion of SG, after 30min of occlusion, and
not from prior to filament insertion. One possibility for
the increase in collateral flow with SG treatment was

vasodilation of pial collaterals that we have previously
shown to be vasoconstricted in SHR.21 Being a gas
transfer agent, SG releases carbon monoxide (CO)
within the ischemic tissue that is vasoactive.32 In a pre-
vious study using male Wistar rats in which pial arteri-
olar diameters were measured through cranial window
during MCAO, SG treatment prevented vasoconstric-
tion of pial arterioles within the collateral territory.22

Thus, it is possible that SG caused vasodilation of
LMAs in SHR to increase collateral flow. However,
because we did not measure changes in lumen diameter
of LMAs during SG infusion, we cannot be certain of
the mechanism by which the increase in collateral flow
occurred.

In addition to measuring average changes in collat-
eral flow using laser Doppler, we also assessed discrete
increases in probe 2 flow and quantified the number,
duration and magnitude (AUC) of these increased flow
events. Vehicle-treated SHR had few increases in col-
lateral flow events that were short in duration and small
in magnitude (Figure 3). However, SG treatment

Figure 6. Relationship between changes in collateral flow, reperfusion CBF and acute brain injury. (a) Graph showing the relationship

between collateral flow and reperfusion CBF in all animals regardless of treatment. There was a positive correlation between

reperfusion CBF and collateral flow such that animals with better collateral flow had better reperfusion. (b) Graph showing the

correlation between collateral flow and infarction in all groups of animals with early treatment. There was a significant correlation

between collateral flow and brain injury volume such that the greater increase in flow the smaller the injury. (c) Graph showing

correlation between reperfusion CBF and brain injury volume. There was no significant correlation found.
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increased these flow events significantly that were both
sustained and transient. These events appeared to be
contained to the peri-infarct region and not present in
the MCA territory. It is therefore possible that these
events related to active vasodilation of LMAs, pial non-
LMA arterioles, or penetrating arterioles within the
peri-infarct region. However, the exact hemodynamic
nature of these discrete flow events, and their contribu-
tion to overall collateral flow, is difficult to ascertain
from these measurements, and further studies are
needed to determine their underlying cause and rele-
vance to stroke outcome.

SG treatment of SHR caused a significant increase in
blood pressure that may have contributed to its bene-
ficial effects on collateral perfusion. A previous study in
mice showed that a moderate increase (�30%) in mean
arterial pressure during distal MCAO increased CBF in

the core and penumbral regions and prevented the
expansion of CBF deficit.29 We therefore considered
the possibility that the increase in blood pressure
caused the increase in collateral flow with SG treat-
ment. To test this, a separate group of SHR was treated
with BSA to raise blood pressure similar to those trea-
ted with SG. While BSA increased blood pressure in
SHR, it failed to increase collateral flow, either average
flow or discrete flow events (Supplemental Figures S1).
In addition, BSA did not improve reperfusion that was
below baseline and progressively worsened similar to
vehicle-treated SHR (Supplemental Figure S2). Lastly,
BSA treatment did not improve acute brain injury that
was similar to vehicle-treated SHR. Although the blood
pressure increase caused by BSA was not as high as
with SG, there was no benefit on perfusion or infarct
in those animals, suggesting that at least a moderate

Figure 7. Effect of blood pressure on collateral flow and acute brain injury. (a) Graph showing changes in blood pressure during

ischemia. Treatment with SG and BSA both increased blood pressure in SHR compared to vehicle treatment, but not to the same level.

(b) Graph showing change in collateral flow from baseline after infusion of SG, BSA or vehicle treatment during filament insertion. SG

infusion increased collateral perfusion during ischemia but BSA and vehicle treatment had no effect. (c) Graph showing the effect of

SG, BSA and vehicle treatment on acute brain injury volume. SG, but not BSA, reduced brain injury volume compared to vehicle

treatment. *p< 0.05 vs. SHR vehicle treatment; ^p< 0.05 vs. SHR-BSA.
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increase in blood pressure in SHR was not likely a
contributing factor to the beneficial effect of SG on
perfusion and acute brain injury.

In the current study, vehicle-treated SHR had reper-
fusion that was below baseline and progressively
declined over time. We hypothesize that the progres-
sively diminished reperfusion in SHR was due to vaso-
constriction of downstream parenchymal arterioles and
possibly pericytes that has been demonstrated to occur
with early post-ischemic reperfusion and pronounced in
models of hypertension that increases vascular resist-
ance in downstream tissues. 24,28,33 This hypothesis is
supported by the use of SG that prevented the decline
in reperfusion. SG has previously been shown to
have vasoactive effects on cerebral pial arterioles and
prevent vasoconstriction during MCAO.22 Although
we cannot be certain of the mechanism by which SG
improved reperfusion, there are several other theories
as to the cause of incomplete reperfusion, including
capillary clogging of immune cells, endothelial cell swel-
ling, and microthrombi that increases resistance of the
microcirculation.34–37 However, immune cell activation
occurs at later time periods of ischemia and reperfu-
sion34 and distal microthrombi are not likely present
in this model in which a filament was used to occlude
the MCA (not a clot) and because all animals were
treated with tPA. In addition, SG improved reperfusion
in animals with delayed treatment in which there was
no improvement of infarction. This is an interesting
finding and suggests that the vasculature has a consid-
erably greater tolerance for ischemic injury than the
brain tissue. Although shown previously,38,39 a func-
tional vasculature that still persists in the face of sub-
stantial brain injury may allow for neurorestorative
therapies to be administered to tissue that has pro-
gressed to infarction, as well as agents that prevent
reperfusion injury.

Similar to previous studies, we showed that there
was a significant positive correlation between the col-
lateral flow during ischemia and brain injury such that
the more collateral flow the smaller the infarction.10

While it is tempting to conclude that SG salvaged pen-
umbral tissue and limited the size of the core infarction,
we did not measure the penumbra or its progression
over time. In addition, this may not be the only mech-
anism by which SG decreased brain injury. In addition
to the vasodilatory effect, SG is capable of delivering
oxygen to penumbral tissue. On the other hand, the
release of CO by SG may also have anti-inflammatory
and anti-apoptotic effects that may decrease infarction
at later time points.40,41 However, at this early time point
of reperfusion (2h), the beneficial effects of SG are more
likely due to improved perfusion and increased oxygen-
ation, as inflammatory and apoptosis occur after longer
durations of ischemia and reperfusion.42 Further studies

are needed to determine the effect of SG on penumbral
tissue and the mechanisms underlying its beneficial effect
on infarction in SHR, including determining infarction
and functional outcome at longer durations of ischemia
and reperfusion.

In summary, as shown previously, SHR had little
to no collateral perfusion during MCAO and poor
reperfusion CBF that declined over time. These hemo-
dynamic deficiencies during ischemia and reperfusion
likely contribute to large ischemic core tissue and
small penumbra.17,18 Treatment with the gas transfer
agent SG prevented the decline in reperfusion CBF
that was not related to tissue viability and more likely
related to preventing vasoconstriction of downstream
vessels. In addition, SG increased collateral flow after
30min of occlusion that was sustained over 1.5 h of
ischemia. While further studies are needed to determine
the mechanism by which collateral flow was increased,
the ability to pharmacologically increase collateral flow
may add our understanding of the dynamics of LMA in
acute cerebral ischemia. Ultimately, if successfully
translated in clinical practice, SG may improve the out-
comes in acute stroke treatment.
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