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Abstract

Objective—Risk of intracerebral hemorrhage is the primary factor limiting use of tissue
plasminogen activator (tPA) for stroke. Clinical studies have established an association between
admission hyperglycemia and the risk of hemorrhage with tPA, independent of prior diabetes.
Here we used an animal model of tPA-induced reperfusion hemorrhage to determine if this
clinical association reflects a true causal relationship.

Methods—Rats underwent 90-minutes of focal ischemia, and tPA infusion was begun 10
minutes prior to vessel reperfusion. Glucose was administered during ischemia to generate blood
levels ranging from 5.9 + 1.8 mM (normoglycemia) to 21 = 2.3 mM. In some studies, apocynin
was administered to block NADPH oxidase production of superoxide. Brains were harvested 1
hour or 3 days after reperfusion to evaluate the effects of hyperglycemia and apocynin on
oxidative stress, blood-brain barrier breakdown, infarct volume, and hemorrhage volume.

Results—Rats that were hyperglycemic during tPA infusion had diffusely increased blood-brain
barrier permeability in the post-ischemic territory, and a 3 — 5 fold increase in intracerebral
hemorrhage volumes. The hyperglycemic rats also showed increased superoxide formation in the
brain parenchyma and vasculature during reperfusion. The effects of hyperglycemia on superoxide
production, blood-brain barrier disruption, infarct size, and hemorrhage were all attenuated by
apocynin.

Interpretation—These findings demonstrate a causal relationship between hyperglycemia and
hemorrhage in an animal model of tPA stroke treatment, and suggest that the effect of
hyperglycemia is mediated through an increase in NADPH oxidase - mediated superoxide
production.
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INTRODUCTION

Tissue plasminogen activator (tPA) is an effective treatment for acute ischemic stroke 1, but
its use is limited by the risk of hemorrhage into the reperfused brain tissue. Several studies
have identified a strong association between blood glucose levels and tPA-induced brain
hemorrhage, independent of pre-existing diabetes 2-8 (reviewed by Lansberg et al. 9). Three
of these studies stratified risk according to severity of hyperglycemia, and all three found the
risk of hemorrhage to increase by a factor of 1.6 to 2.2 with each 5.5 mM (100 mg/dI)
increase in admission blood glucose 2 38, However, it remains to be established whether
this clinical association reflects a true causal relationship, and if so, what is the mechanism
of this effect.

A causal relationship is biologically plausible. The presence of hyperglycemia during brain
ischemia promotes acidosis and production of advanced glycation endproducts, both of
which damage the vasculature 1916, Hyperglycemia can also accelerate the production of
superoxide by NADPH oxidase 11: 1719 which contributes to blood-brain barrier
disruption 20: 21, On the other hand, hyperglycemia is a non-specific response to stress, and
the clinical association of hyperglycemia and intracerebral hemorrhage could alternatively
reflect increased severity of injury or an accentuated stress response in the hyperglycemic
patients.

Hyperglycemia can be corrected with insulin in the acute stroke setting, but this intervention
carries a risk of exacerbating ischemic injury if glucose levels fall excessively 2224, |t is
therefore important to determine whether hyperglycemia is a causal factor promoting
intracerebral hemorrhage in the setting of tPA stroke treatment, or merely an
epiphenomenon. In this study we used an animal (rat) model of post-ischemic, tPA-induced
brain hemorrhage to address this question. We additionally used an inhibitor of NADPH
oxidase, apocynin, to test the hypothesis that hyperglycemia promotes tPA-induced
hemorrhage by increasing superoxide production.

METHODS

Animals and surgical procedures

Studies were approved by the San Francisco Veterans Affairs Medical Center animal studies
committee. Adult male Sprague-Dawley rats (Charles River Laboratories, Gilroy, CA), 250
— 350 g, were fasted overnight to ensure uniform basal blood glucose levels. Anesthesia was
induced with 2% isoflurane in 70% N,O / balance O,. Rectal (core) temperature was
maintained at 37 + 0.5°C with a homeothermic blanket, and blood pressure was
continuously monitored with the use of an indwelling femoral arterial catheter. This catheter
was also used for periodic measurements of blood gases and blood glucose. Focal brain
ischemia-reperfusion was produced by occluding both common carotid arteries and the left
proximal middle cerebral artery (MCA) with micro-aneurysm clips for 90 minutes, as
previously described 25, Experimental groups, mortality, and peri-operative physiological
parameters are provided in Supplementary Table 1. Outcome measures for all studies were
evaluated by persons blinded to the treatment conditions.
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Hyperglycemia and drug administration

Rats were rendered hyperglycemic with intraperitoneal (i.p.) injections of 50% glucose at
the indicated time points (Fig. 1LA). The initial injection volume was 2.0, 3.5, or 5.0 ml / kg
for the target blood glucose concentrations of 10 mM, 15 mM, and 20 mM, respectively
(Fig. 1). Subsequent injection volumes were all 1.5 pl / g. Normoglycemic (5.0 - 6.0 mM
glucose) rats received 3.5 pl / g saline vehicle at the initial time point, and 1.5 ul / g at the
subsequent time points. Preliminary studies showed that blood glucose in all treatment
groups returned to normoglycemia within 3 hours of the last injection (not shown). Tissue
plasminogen activator (tPA; Genentech) was infused intravenously (i.v.) beginning 10
minutes before reperfusion, at a dose of 10 mg / kg, as a 10% bolus and balance over 30
minutes. Controls received equivalent volumes of tPA vehicle, which contains 1 mM L-
arginine. When used, apocynin (2.5 mg / kg; Sigma) or its vehicle (1% DMSO) was given
i.v. 20 minutes before reperfusion 26, and dihydroethidium (Invitrogen) was administered 3
mg / kg i.p. in 1 ml of 1% DMSO.

Hemorrhage and infarct volumes

Blood-brain

Rats were euthanized 3 days after ischemia—reperfusion for these outcome measures. Brains
were removed, cut into 8 2-mm coronal slices, and photographed. The photographs were
used to quantify brain hemorrhage using a recently validated image analysis method 27,
which estimates the volume of blood in each brain slab on the basis of the intensity and area
of hemoglobin staining. Brain hemorrhage was also quantified by manual scoring of each
slice as either 1 (hemorrhage visible) or 0 (no hemorrhage visible), and summing these
scores for each brain. The two methods gave very similar results in all experiments. Infarct
volume was determined in each brain by the 2,3,5-triphenyltetrazolium (TTC) method 28,
using the same coronal slices. Rats in some experimental groups died in the 3-day interval
between surgery and euthanasia (Supplementary Table 1), and brains from those rats could
not be used for the histological studies.

barrier permeability

The same slices used to measure hemorrhage and infarct volume were also used to evaluate
extravasation of 1gG into brain parenchyma 2°. Two slices from each brain, 4 and 6 mm
from the frontal pole, were cryosectioned into 25 pm sections and fixed with 75% acetone /
25% ethanol. The mounted sections were incubated with biotinylated anti rat 1gG (H+L)
(1:200; Vector Lab) at 4 °C overnight, followed by incubations with avidin-biotin complex
and diaminobenzidine. The mean optical density of the ischemic hemisphere from each
section was measured with an image analysis system, using constant illumination and
exposure parameters. Non-ischemic controls were included with each batch of stained and
photographed sections, and the mean value of these control sections was subtracted from
that of each ischemic section to additionally control for potential variations in staining or
image capture.

Superoxide detection

Rats were injected i.p. with 3 mg / kg dihydroethidium (Invitrogen) 15 minutes before
ischemia, euthanized 1 hour after reperfusion, and perfused with 0.9% saline followed by
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4% formaldehyde. Forty-micrometer cryostat sections were prepared, and ethidium
fluorescence was photographed by confocal microscopy 3°. Ethidium fluorescence was
measured in each cell captured in a 250 um? field centered in the post-ischemic cortex, with
2 sections analyzed per brain. Fluorescence intensity of each cell (> 50 cells / section) was
normalized to the mean fluorescence intensity of cells in the homologous contralateral (non-
ischemic) cortex. Prior studies have shown that ethidium fluorescence induced by ischemia-
reperfusion is reduced in brains over-expressing Cu/Zn superoxide dismutase 31 or lacking
NADPH oxidase activity 11, thus establishing specificity for superoxide in this setting. The
brain sections from hyperglycemic rats injected with dihydroethidium were also
immunostained for cell-specific markers. These sections were incubated overnight with
mouse anti-NeuN (Millipore), mouse anti-CD11b (Serotec) or goat anti-PECAM1(Santa
Cruz Biotechnology), followed by incubation with secondary antibodies conjugated for blue
fluorescence. Sections were photographed by confocal microscopy.

Statistical Analysis

RESULTS

Experiments were designed to produce n = 6 for the 3-day survival studies, and n = 4 — 6 for
the 1-hour survival studies (Supplementary Table 1). Brain hemorrhage and 1gG staining
were evaluated with two-way ANOVA and post-test for linear trend. All other data were
analyzed with Student’s t-test or with one-way ANOVA followed by Dunnett’s test.
Graphed data are presented as means * s.e.m.

Hyperglycemia increases tPA-induced brain hemorrhage after ischemia

Hyperglycemia was induced by intraperitoneal glucose injections during ischemia, and tPA
infusion began shortly before reperfusion (Fig. 1). Neither glucose nor tPA injections
affected the mean arterial blood pressure, PaO,, PaCO,, or pH, but mortality was increased
(33%) in the tPA-treated, 20 mM glucose group (Supplementary Table 1). Hyperglycemia
caused an increase in hemorrhage volume in the tPA-treated rats, and this increase was
progressively greater with progressively greater elevations in blood glucose concentrations

(Fig. 2).

Hyperglycemia increases superoxide production during reperfusion

Oxidative stress contributes to blood-brain barrier damage during ischemia-reperfusion 21.
Here we compared superoxide production after 1 hour of reperfusion in normoglycemic and
hyperglycemic brains. Hyperglycemia was found to increase superoxide production in the
post-ischemic cortex, but not in the contralateral, non-ischemic cortex (Fig. 3). Brain
sections from the hyperglycemic animals were also immunostained for cell-type specific
markers to identify the cell types containing the superoxide signal. These markers showed
increased superoxide in most of the neurons and endothelial cells of the ischemic cortex, and
in a smaller fraction of the microglia (Supplemental Fig. 1). This method does not, however,
definitively identify the cell type(s) in which the superoxide originated.
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The NADPH oxidase inhibitor apocynin blocks the effects of hyperglycemia

We performed an additional set of experiments in which hyperglycemic rats were treated
with apocynin, which blocks superoxide formation by NADPH oxidase 25: 32, Apocynin was
found to block the effects of hyperglycemia on both post-ischemic superoxide production
(Fig. 3B) and brain hemorrhage (Fig. 4). Apocynin did not affect blood glucose levels, mean
arterial blood pressure, PaO,, PaCO,, or pH (Supplementary Table 1). Hyperglycemia also
increased infarct size (as previously reported 33 34) and apocynin likewise attenuated this
increase (Fig. 5A).

Hyperglycemia increases blood-brain barrier disruption during reperfusion with tPA

We additionally measured IgG extravasation into brain parenchyma to more directly assess
blood-brain barrier disruption. Rats undergoing sham ischemia showed no detectable
immunoreactivity for IgG in the brain sections irrespective of blood glucose levels, but rats
undergoing ischemia-reperfusion showed diffuse extravasation of IgG into the post-ischemic
brain parenchyma (Fig. 5). The intensity of 1gG staining was significantly greater in brains
that had been hyperglycemic during reperfusion, and progressively increased with increasing
elevations in blood glucose levels. The effect of apocynin was evaluated in rats maintained
at 15 mM glucose during ischemia-reperfusion. Apocynin significantly attenuated the
hyperglycemia-induced increase in IgG staining (Fig. 5).

DISCUSSION

Hyperglycemia was found to increase blood-brain barrier disruption, oxidative stress, infarct
size, and tPA-induced brain hemorrhage after ischemia-reperfusion in this animal model.
These effects increased in magnitude with increasing degrees of hyperglycemia, and were
mitigated by the NADPH oxidase inhibitor, apocynin.

The mitigation of these effects by apocynin suggests a mechanism by which hyperglycemia
may promote oxidative stress and tPA-induced hemorrhage during reperfusion. Reperfusion
brain hemorrhage results in part from protease degradation of the extracellular matrix
around and within cerebral blood vessels 3°. The activation of these proteases is promoted
by tPA 36, and also by superoxide produced by NADPH oxidase 20: 21, NADPH oxidase
generates superoxide through a process that requires glucose as a substrate for NADPH
production, such that glucose availability can be the rate-limiting factor in superoxide
production by this process 11: 17-19_ High glucose levels may additionally “prime” NADPH
oxidase so that it is more quickly and completely activated by other signals 38.

Apocynin blocks assembly of the active NADPH oxidase (NOX2) complex, and does not
block superoxide production by mitochondria 3237, The observation that apocynin blocks
the effects of hyperglycemia on infarct size, as well as on hemorrhage volume, suggests that
both of these effects of hyperglycemia may result from underlying oxidative damage to the
cerebral vasculature, as previously proposed 8. This idea is further supported by the
observations made here and previously 3341 that hyperglycemia exacerbates ischemic
damage to the blood-brain barrier.
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Clinical studies suggest that more than 40% of stroke patients have blood glucose levels
above 8.5 mM (153 mg/dl) at admission, and a substantial fraction of these patients have
levels in the 10 — 15 mM (180 — 270 mg/dl) range 2 3 42. 43, The present studies were
designed to model the effects of this acute, stress-induced hyperglycemia on tPA-induced
brain hemorrhage. Results of these studies show a roughly 2-fold increase in tPA-induced
hemorrhage volume with each 5 mM increase in blood glucose over the range evaluated.
The animal model cannot be expected to directly map human clinical outcomes, but this
result is similar in magnitude to the 1.6 — 2.2 fold increase in symptomatic hemorrhage
reported over comparable blood glucose elevations in several clinical series 279,

The animal model has several limitations. Post-reperfusion mortality rate was significant in
the 20 mM glucose plus tPA group treatment (33%; Supplementary Table 1), and since
brains from those rats could not be evaluated histologically, the extent of hemorrhage may
have been underestimated in this extreme hyperglycemia group. Unlike clinical stroke, there
is no true clot in this model and thus no platelet or thrombus breakdown products released
into the post-ischemic tissue, which could in principle modulate reperfusion and risk of
hemorrhage 4. In addition, the tPA dose used in the rats was much higher than is used in
humans (because of the reduced thrombolytic efficacy of human tPA in rat plasma 4°), and
this higher tPA dose could have additional effects, unrelated to thrombolysis 36. The present
study also makes no distinction between asymptomatic and symptomatic hemorrhage (other
than mortality), and the results could thus overestimate the effect of hyperglycemia on
functional outcomes after tPA administration if extrapolated to clinical settings. On the other
hand, clinical studies suggest that rates of symptomatic and asymptomatic hemorrhage
parallel one another 2, and that long—term effects of initially “asymptomatic” brain
hemorrhage may not be insignificant 46 47.

Independent of these considerations, the results obtained with this animal model
demonstrate that hyperglycemia can increase tPA-induced brain hemorrhage in post-
ischemic brain. Together with the established clinical association between hyperglycemia
and hemorrhage, these results provide added rationale for glucose control in hyperglycemic
stroke patients treated with tPA. These results likewise provide support for consideration of
blood glucose values in clinical guidelines for tPA use in stroke. The results obtained with
apocynin in these studies additionally suggest that treatment approaches targeting NADPH
oxidase could negate the deleterious effects of hyperglycemia in this setting.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Experimental design
(A) Hyperglycemia was induced by glucose injections at the designated time points. tPA

infusion was begun 10 minutes before end of MCA occlusion. Controls received tPA
vehicle. (B) Arterial blood glucose concentrations before, during, and after MCA occlusion.
Filled symbols, tPA treatment; open symbols, vehicle treatment.
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Figure 2. Hyperglycemiaincreases tPA-induced brain hemorrhage
(A) Each column shows coronal sections of a representative brain from the designated

treatment group. Arrows denote some of the hemorrhage areas. Scale bar = 1 cm. (B)
Hemorrhage is quantified as the volume of blood per brain. Results from two separate
experiments are combined. n = 6-7; P < 0.02 for effects of both glucose and tPA on
hemorrhage volume and P < 0.01 for linear trend between glucose and hemorrhage volume
in the tPA-treated groups.
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Figure 3. Hyper glycemia-induced superoxide production in re-perfused cortex is blocked by
apocynin
(A) Brains were harvested from normoglycemic (5 mM glucose) and hyperglycemic (15

mM glucose) rats 1 hour after reperfusion with tPA. Photomicrographs show superoxide
production identified by ethidium fluorescence (red) in representative sections. Scale bar =
40 um. (B) Histogram shows normalized ethidium fluorescence of cells in cortex of a
representative brain from each treatment group, with arrows indicating the median values.
Graph shows mean (+ s.e.m.) of the median values from the 4 rats in each group; *P < 0.05.
(C,D). In a separate experiment, hyperglycemic rats treated were treated with apocynin or
vehicle during tPA reperfusion, and brain sections were evaluated as in A,B. n =5-7; *P <
0.05.
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Figure 4. Apocynin reduces hemorrhagein tPA-treated brains
Hyperglycemic rats were pre-treated with apocynin (or vehicle) prior to reperfusion with

tPA, and brains were harvested 3 days later. (A) Each column of coronal sections shows a
brain from the designated treatment group. Scale bar = 1 cm. (B) Hemorrhage is quantified
as volume of blood per brain. n = 6; **P < 0.01.
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Figure 5. Effects of hyperglycemia on infarct size and blood-brain barrier
Brains were harvested 3 days after ischemia-reperfusion. (A) Infarct size in tPA-treated rats

was increased by hyperglycemia and reduced by apocynin. n = 6-7; * P < 0.05 vs. 5 mM, #P
< 0.05 vs. 15 mM. (B) Blood-brain barrier disruption identified by immunostaining for 1gG
(dark brown) in representative brain sections. (C) Graph shows quantified 1gG staining. P <
0.02 for an effect of glucose on IgG staining in both tPA and vehicle-treated brains, with P <
0.01 for linear trend between glucose and 1gG staining. (D) Representative images from a
separate experiment in which hyperglycemic rats were pre-treated with apocynin or vehicle
prior to tPA reperfusion. (E) Graph shows quantified IgG staining. n = 6-7; *P < 0.05.
Panels A and C show results combined from 2 separate experiments.
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