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ABSTRACT

BACKGROUND AND PURPOSE: BBB disruption after acute ischemic stroke and subsequent permeability increase may be enhanced by
reperfusion. Agmatine has been reported to attenuate BBB disruption. Our aim was to evaluate the effects of agmatine on BBB stabilization
in a rat model of transient cerebral ischemia by using permeability dynamic contrast-enhanced MR imaging at early stages and subse-
quently to demonstrate the feasibility of dynamic contrast-enhanced MR imaging for the investigation of new therapies.

MATERIALS AND METHODS: Thirty-four male Sprague-Dawley rats were subjected to transient MCA occlusion for 90 minutes. Imme-
diately after reperfusion, agmatine (100 mg/kg) or normal saline was injected intraperitoneally into the agmatine-treated group (n � 17) or
the control group, respectively. MR imaging was performed after reperfusion. For quantitative analysis, regions of interest were defined
within the infarct area, and values for volume transfer constant, rate transfer coefficient, volume fraction of extravascular extracellular
space, and volume fraction of blood plasma were obtained. Infarct volume, infarct growth, quantitative imaging parameters, and numbers
of factor VIII–positive cells after immunohistochemical staining were compared between control and agmatine-treated groups.

RESULTS: Among the permeability parameters, volume transfer constant and volume fraction of extravascular extracellular space were
significantly lower in the agmatine-treated group compared with the control group (0.05 � 0.02 minutes�1 versus 0.08 � 0.03 minute�1,
P � .012, for volume transfer constant and 0.12 � 0.06 versus 0.22 � 0.15, P � .02 for volume fraction of extravascular extracellular space).
Other permeability parameters were not significantly different between the groups. The number of factor VIII–positive cells was less in the
agmatine-treated group than in the control group (3-fold versus 4-fold, P � .037).

CONCLUSIONS: In ischemic stroke, agmatine protects the BBB, which can be monitored in vivo by quantification of permeability by using
dynamic contrast-enhanced MR imaging. Therefore, dynamic contrast-enhanced MR imaging may serve as a potential imaging biomarker
for assessing the BBB stabilization properties of pharmacologic agents.

ABBREVIATIONS: DCE � dynamic contrast-enhanced; Ktrans � volume transfer constant

BBB disruption occurs within 1–2 hours after acute ischemic

stroke by inflammatory cytokines and proteases.1 Although

thrombolysis has been increasingly used for the treatment of acute

ischemic stroke, reperfusion after thrombolytic therapy has been

reported to enhance BBB breakdown and, consequently, symp-

tomatic hemorrhagic transformation, which is a fatal complica-

tion of ischemic stroke.2,3 Therefore, evaluation of the therapeutic

effect of a BBB blocking agent is important to improve treatment

outcomes in patients with stroke. One can estimate the permea-

bility properties of the BBB by using various techniques; however,

many of these methods are invasive or suitable only for animal

models.4 Many studies have used MR imaging to measure BBB

permeability to develop a feasible clinical technique for evaluating

the integrity of the BBB and predicting hemorrhagic transforma-

tion in acute ischemic stroke.5-7 Dynamic contrast-enhanced

(DCE)-MR imaging by using contrast agents, an emerging MR

imaging technique based on kinetic modeling of microvascular

permeability, enables quantification of BBB breakdown.8 A recent

animal study reported that increased permeability measured by

MR imaging correlates well with BBB disruption and hemor-

rhagic transformation on histology.9

A number of investigators have explored the use of neuropro-

tective drugs in animal experimental models to salvage regions of
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ischemia and to minimize reperfusion injury.10-12 Agmatine is a

primary amine formed by decarboxylation of L-arginine and has

been shown to protect neurons by blocking the N-methyl-D-as-

partate receptor or nitric oxide synthase.13 Because a previous

animal study reported that agmatine showed a protective effect in

rodent models of neurotoxic and ischemic brain injuries,14 many

additional studies have also shown beneficial effects of agmatine

and its mechanisms.15-17 Another recent study also suggested that

agmatine attenuated BBB disruption and consequently reduced

brain swelling when administered at the time of reperfusion.11

Therefore, the aim of this study was to quantitatively evaluate

the BBB stabilization effect of agmatine in rat models of transient

cerebral ischemia by using DCE-MR imaging at early stages and

subsequently to demonstrate the feasibility of DCE-MR imaging

for the investigation of new therapies.

MATERIALS AND METHODS
Animal Preparation
All animal procedures were performed according to a protocol

approved by the Institutional Animal Care and Use Committee in

accordance with National Institutes of Health guidelines. Thirty-

four male Sprague-Dawley rats (Orient Bio, Seongnam, Korea)

weighing 250 –300 g were subjected to transient middle cerebral

artery occlusion. Animals were anesthetized with Xylazine, 10

mg/kg, and Zoletil, a combination of tiletamine and zolazepam,

30 mg/kg, intraperitoneally. Rectal temperature was maintained

at 37°C by a heating pad during the operation. The depth of an-

esthesia was assessed by toe pinch every 15 minutes. Middle cere-

bral artery occlusion was induced by using the filament model as

previously described.18 Briefly, under an operating microscope,

an uncoated 23-mm segment of 4 – 0 polypropylene monofila-

ment suture with the tip rounded by flame was inserted into the

arteriotomy and advanced into the internal carotid artery approxi-

mately 19–20 mm from the bifurcation to occlude the ostium of the

middle cerebral artery. After 90 minutes, the suture was withdrawn

and surgical incisions were closed. The animal was allowed to awaken

and recover with free access to food and water. We injected 100

mg/kg of agmatine mixed in normal saline solution intraperitoneally

immediately after reperfusion in the agmatine-treated group (n �

17). In the experimental control group, the animals received an

equivalent volume of normal saline (n � 17). The experimental de-

sign is shown in Fig 1. Four rats were excluded because they died

before MR imaging acquisition (2 rats in the agmatine-

treated group and 2 rats in the control

group). Seven rats died after MR imaging

acquisition and before we obtained

pathologic specimens (2 rats in the agma-

tine-treated group and 5 rats in the con-

trol group), and they were included only

for image analysis.

Image Acquisition
After anesthesia with Rumpun, 10 mg/kg,

and Zoletil, 30 mg/kg, intraperitoneally,

MR imaging was performed by using a 3T

system (Achieva; Philips, Best, Nether-

lands) and an 8-channel coil. Animals

were divided into 2 sets to correlate MR

imaging with histopathology at 2 different stages. MR imaging

was performed 4 and 30 hours after reperfusion in 18 rats (set 1:

n � 9 agmatine-treated, n � 9 controls) and only 4 hours after

reperfusion in 12 rats (set 2: n � 6 agmatine-treated, n � 6 con-

trols) before obtaining the specimens. All images were obtained in

the coronal plane with a 60-mm FOV. Pre- and postcontrast T1-

weighted (TR/TE, 625/18 ms), T2-weighted (TR/TE, 2006/80

ms), and T2*-weighted (TR/TE, 549/16 ms) images were acquired

with 2-mm section thickness, 0.2-mm section gap, and 192 � 192

matrix. Diffusion-tensor imaging was performed by applying 6

different directions of orthogonal diffusion gradients and b-val-

ues of 600 and 0 s/mm2 (TR/TE, 3327/52 ms; 2-mm section thick-

ness; 0.2-mm section gap; 128 � 128 matrix). To achieve quanti-

tative hemodynamic measurements of cerebral permeability and

perfusion, we injected 2 boluses via tail veins. The first bolus of

contrast was administered to measure permeability and served as

a preload bolus for the perfusion scans. For DCE-MR imaging,

precontrast 3D T1-weighted images were obtained with the fol-

lowing parameters: TR/TE, 13.2/6.5 ms; 112 � 112 mm matrix;

2-mm section thickness; 0.2-mm section gap; and flip angle, 5°.

After the precontrast scan, 60 dynamic contrast-enhanced T1-

weighted images were obtained with the same MR imaging pa-

rameters except for an increased flip angle of 15°. After acquisition

of the fifth image volume, gadolinium-based contrast, gadobutrol

(Gadavist, 0.2 mmol/kg; Bayer Schering Pharma, Berlin, Ger-

many) was injected. The total scan time for DCE-MR imaging was

4 minutes 30 seconds with a temporal resolution of 4.5 seconds.

Perfusion-weighted imaging (the rapid principles of echo shifting

with a train of observations; TR/TE, 26.6/38.2 ms; 64 � 64 matrix)

with 60 dynamic scans was performed following injection of the

second bolus of Gadavist (0.2 mmol/kg) 4 hours after reperfusion.

Relative cerebral blood volume maps were acquired by using

commercially available postprocessing software (ViewForum;

Philips), and reperfusion status was examined. All animals

showed �90% relative cerebral blood volume of the contralateral

hemisphere.

Image Analysis
Quantitative imaging analysis was performed by an investiga-

tor (a neuroradiologist with 4 years of experience) blinded to

the treatments. First, DICOM data of diffusion-tensor imaging

were transferred to a commercial software package (nordicICE;

FIG 1. Flowchart overview of the experimental protocols.
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NordicNeuroLab, Bergen, Norway). On diffusion-weighted im-

ages, infarct volumes were calculated by using a semiautomated

thresholding method to identify regions of interest with high sig-

nal intensity (Fig 2), and infarct volume fraction was expressed as

a percentage of the ipsilateral hemisphere volume. Then, volumes

of infarct growth were calculated in set 1.

All images were reviewed, and sections with the largest infarct

area, near the sections of Bregma 1.60 mm, were selected for

quantitative analysis of DCE-MR imaging.

All image data from DCE-MR imaging were transferred to an

independent workstation for analysis. Permeability parameters

for each pixel from DCE-MR imaging—volume transfer constant

(Ktrans), rate transfer coefficient, volume fraction of extravascular

extracellular space, and volume fraction of blood plasma—were

calculated, and color-coded parametric maps were generated by

off-line Pride tools provided by Philips, which are based on the

pharmacokinetic 2-compartment model of Tofts and Kermode.8

Postprocessing was composed of motion correction of pixels

from dynamic images, T1 mapping by using different flip angles

(5° and 15°), registration of pixels on the T1 map, arterial input

function estimation, and pharmacokinetic modeling. All these

processes were automatically performed by Pride tools except

drawing ROIs for the arterial input function. Arterial input func-

tion was measured several times at the area of the left internal

carotid artery, and the proper arterial input function showing

high amplitude, early sharp rise, and fast decay was selected for

processing. Each permeability parameter was obtained in the in-

farct area. Permeability maps were also used for estimating brain

tissue volume with BBB disruption, which was measured by ob-

taining pixel values and counting the numbers of pixels with Ktrans

of �0. Volume with BBB disruption was also expressed as a per-

centage of the ipsilateral hemisphere.

Pathologic Specimens
After performing MR imaging, the rats were anesthetized with

Zoletil, 150 mg/kg, intravenously and perfused transcardially with

4% paraformaldehyde until the outflow fluid from the right

atrium was colorless. The brain was rapidly removed and embed-

ded in paraffin for histologic processing. Coronal sections (6-�m

thick) were taken at 2-mm intervals through the brain region

corresponding to the MR imaging sections and stained with he-

matoxylin-eosin for histopathologic evaluation. Gross hemor-

rhage was defined as blood evident to the unaided eye on the

hematoxylin-eosin-stained sections and confirmed by micros-

copy. Microscopic hemorrhage was defined as blood evident only

by microscopy (original magnification �40).

Immunohistochemical Analysis
Seven rats were used in each group for immunohistochemical

analysis. Paraffin-embedded sections were rehydrated. After per-

meabilization with proteinase K, sections were immunostained

with primary antibodies against factor VIII (1:200 dilution) fol-

lowed by biotinylated secondary antibodies. Sections were visual-

ized by using horseradish peroxidase and then reacted with di-

aminobenzidine (DAB) as a substrate.

Images were observed and captured on an AX80 microscope

equipped with a DP-72 digital camera (Olympus, Shinjuku, To-

kyo, Japan). The stained cells were assessed in 2 consecutive cor-

onal sections with the largest infarct areas from each rat. All data

for immunohistochemistry were collected from 10 high-power

fields (original magnification, �200) within the infarct area per

slide. These included 5 regions from the striatum, 3 regions from

the parietal cortex, and 2 regions from the border area of infarct

showing the highest expression. Another 10 regions were selected

in the corresponding area in the contralateral hemisphere.

The captured images from immunohistochemistry were ana-

lyzed by an investigator blinded to the treatments with the aid of

ImageJ software (National Institutes of Health, Bethesda, Mary-

land). The numbers of factor VIII–positive cells were counted in

10 images from the infarct area and contralateral hemisphere and

expressed as a ratio.

Statistical Analysis
Infarct volume and volume with BBB disruption showed interac-

tion with groups and time; therefore, linear mixed modeling fol-

lowed by Bonferroni correction was used for between-group

comparisons and within-group comparisons at different time

points. Otherwise, independent t tests were performed to com-

pare infarct growth, quantitative imaging parameters, and num-

bers of factor VIII–positive cells between control and agmatine-

treated groups on the basis of normality testing by the

Kolmogorov-Smirnov test. All statistical analyses were performed

by using statistical software (SAS, Version 9.2 m; SAS Institute,

Cary, North Carolina). P values � .05 were considered significant.

RESULTS
Image Analysis
To investigate the effect of agmatine on ischemic damage, we

assessed infarct volume by MR imaging and found that agmatine

significantly reduced infarct volume. Absolute infarct volumes

were 160.7 � 69.4 mm3 in the agmatine-treated group and 250 �

60.4 mm3 in the control group at 4-hour reperfusion (P � .001).

Infarct-volume fractions to the ipsilateral brain volume were

36.1 � 10.8% in the agmatine-treated group and 54.2 � 7.1% in

the control group at 4-hour reperfusion (P � .001). At 30-hour

reperfusion in set 1, infarct volumes were 45.8 � 13% in the

agmatine-treated group and 73.9 � 10.8% in the control group

(P � .001). In addition, infarct growth was less in the agmatine-

treated group than in the control group (60 � 44.4 mm3 versus

130 � 55.2 mm3, P � .009).

DCE-MR imaging showed an increase in permeability param-

eters in the ipsilateral hemisphere of the middle cerebral artery

occlusion. There were no cases with positive values of permeabil-

ity parameters in the contralateral hemisphere on DCE-MR im-

FIG 2. Semiautomatic measurement of infarct volume on diffusion-
weighted imaging. The infarcted area with diffusion restriction is
semiautomatically segmented (right) by using a commercial software
package.
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aging. Among the permeability parameters, Ktrans and volume

fraction of extravascular extracellular space were significantly

lower in the agmatine-treated group compared with the control

group (0.05 � 0.02 minutes�1 versus 0.08 � 0.03 minutes�1, P �

.012, for Ktrans and 0.12 � 0.06 versus 0.22 � 0.15, P � .02, for

volume fraction of extravascular extracellular space) 4 hours after

reperfusion (Figs 3 and 4). However, Ktrans and volume fraction of

extravascular extracellular space measured 30 hours after reper-

fusion in set 1 were not significantly different between the 2

groups. Overall, there was a tendency of Ktrans to decrease with

time without statistical significance (0.06 � 0.03 minutes�1 at

4-hour reperfusion versus 0.05 � 0.03 minutes�1 at 30-hour rep-

erfusion, P � .06). Other permeability pa-

rameters were not significantly different

between the groups at each time point

(Table). The volume with BBB disruption

estimated from the permeability map was

significantly less in the agmatine-treated

group than in the control group. The vol-

umes were 10.4 � 8.7% in the agmatine-

treated group and 32.5 � 16.5% in the
control group at 4-hour reperfusion (P �
.001) (Fig 3). At 30-hour reperfusion in
set 1, the volumes with BBB disruption
were 5.8 � 5.1% in the agmatine-treated
group and 15.2 � 8.6% in the control
group (P � .367). Overall, the volume
with BBB disruption at 30-hour reperfu-
sion was significantly less than that at
4-hour reperfusion (22.4 � 15.4% at
4-hour reperfusion versus 10.5 � 8.4%
at 30-hour reperfusion, P � .001).

Histopathologic Analysis
On histopathologic examination, gross
hemorrhage was observed within the
ischemic region of 2 rats in the agmatine-
treated group and 2 rats in the control
group. In addition, microscopic hemor-
rhage was observed in 1 agmatine-treated
rat and 2 control rats.

The ratio of the number of factor
VIII–positive cells in the ipsilateral to that
in contralateral hemispheres was lower in

the agmatine-treated group than in the control group (3.1-fold
versus 4-fold, P � .037) (Fig 5). The ratio of the number of factor
VIII–positive cells in the ipsilateral to that in contralateral hemi-
spheres in set 2, from which histopathology was obtained after the
first MR imaging acquisition, was lower than that in set 1 (2.8-fold
versus 3.9-fold, P � .021).

DISCUSSION
In this study, we found that agmatine protects the BBB in isch-

emic stroke and the BBB stabilization effect of agmatine can be

monitored in vivo by quantification of permeability by using

DCE-MR imaging. Ktrans, volume fraction of extravascular extra-

FIG 3. Permeability changes at 2 different time points. A, Ktrans values. B, Brain tissue volume with BBB disruption expressed as a percentage of
the ipsilateral hemisphere. Square and diamond-shaped dots are mean values; horizontal lines above and below the dots represent 95%
confidence intervals. The asterisk indicates P � .05; 2 asterisks, P � .01).

FIG 4. Representative MR images. Infarcted areas can be seen as hyperintensity on T2-weighted
images (A and D). The color-coded permeability maps obtained 4 hours after reperfusion dem-
onstrate increased permeability in the infarcted areas (B and E). The mean Ktrans values were
0.05 � 0.02 minutes�1 in the agmatine-treated groups and 0.08 � 0.03 minutes�1 in the control
group (P � .012). C and F, Ktrans curves fit the data points (small plus sign) in the corresponding
maps.

Permeability imaging parameters measured 4 hours after reperfusiona

Control Group
(n = 15)

Agmatine-Treated Group
(n = 15) P Value

Ktrans (min�1) 0.08 � 0.03 0.05 � 0.02 .012
Kep (min�1) 0.46 � 0.3 0.44 � 0.28 .856
Ve 0.22 � 0.15 0.12 � 0.06 .02
Vp 0.042 � 0.03 0.038 � 0.02 .187
Volume of BBB disruption (%) 32.5 � 16.5 10.4 � 8.7 �.001

Note:—Kep indicates rate transfer coefficient; Ve, volume fraction of extravascular extracellular space; Vp, volume
fraction of blood plasma.
a Data are means.
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cellular space, and brain tissue volume with BBB disruption were

significantly less in the agmatine-treated group than in the control

group at 4-hour reperfusion. Our results support a previous study

that showed the protective effects of agmatine on the BBB by using

Evans blue.11 Moreover, in another previous study, decreased ex-

pression of matrix metalloproteinase by agmatine was suggested

as a possible mechanism limiting BBB disruption because matrix

metalloproteinases are known to be associated with BBB disrup-

tion and subsequent vasogenic edema after cerebral ischemia.19

Although Evans blue has been widely used to assess BBB disrup-

tion with its property of binding to serum albumin, it is only

available for use in animal models.20 DCE-MR imaging provides

both permeability values and spatial maps of permeability

changes without killing the animals, which enabled us to investi-

gate the BBB blocking properties of pharmaceutical agents as a

longitudinal study by acquiring multiple images at different time

points. In addition, MR imaging is a more sensitive measure of

BBB disruption because of the lower molecular weight of gado-

linium compared with that of Evans blue as described in a previ-

ous experimental study (604.7 Da versus 75.8 kDa).21 Therefore,

in the present study, DCE-MR imaging was used for monitoring

the time course of focal cerebral ischemia and the BBB stabiliza-

tion effects of agmatine.

Our results showed a significant increase of Ktrans and brain-

tissue volume with BBB disruption at 4-hour reperfusion, which

may be attributed to increased inflammatory and oxidative stress

on the BBB after reperfusion.20,22 There was a tendency of Ktrans

to decrease with time, and brain tissue volume with BBB disrup-

tion at 30-hour reperfusion was less than that at 4-hour reperfu-

sion. Previous experimental studies have also shown a biphasic

opening of the BBB after transient ischemic injury, which has

been generally accepted.20,23,24 Even though the mechanisms of

this partial recovery of the BBB at 30-hour reperfusion are not

well-understood, the results suggest that the reverse of reactive

oxygen species-mediated disassembly of tight junction proteins

within 6 hours may contribute to a decrease in the extravasation

of gadolinium contrast agent.23 On the other hand, recent animal

studies have demonstrated continuous opening of the BBB.21,25

However, they also observed a nonsignificant drop in gadolinium

enhancement and Evans blue extravasation at 24- and 36-hour

reperfusion, which can be explained by microvascular plugging

caused by infiltrating neutrophils, fibrin, and platelets. Therefore,

longitudinal studies with a large number of subjects need to be

conducted to investigate temporal changes of the BBB and its

mechanisms.

We performed immunohistochemical staining with factor

VIII to assess angiogenesis following cerebral ischemia and found

that the expression of factor VIII–positive cells was less in the

agmatine-treated group than in the control group. These results

may be because BBB disruption in the agmatine-treated group

was significantly less than that of the control group according to

DCE-MR imaging. Because the formation of new microvessels is a

hallmark tissue response to ischemic injury, reduced expression

of factor VIII–positive cells in the agmatine-treated group may be

attributed to the protective effect of agmatine on the BBB. Overall,

the expression of factor VIII–positive cells was lower at 4-hour

reperfusion than at 30-hour reperfusion. Although expression of

angiogenesis-related factors begins within 1–2 hours after focal

ischemia, it increases for up to 14 days1; therefore, new vessels can

be visualized better at later stages.

An increase in permeability measured by DCE-MR imaging

may not directly reflect hemorrhagic transformation because the

size of the gadolinium molecule is much smaller than that of

red blood cells. Although BBB disruption was demonstrated in

all cases of transient ischemic stroke, gross hemorrhage was

observed in 2 rats of the agmatine-treated group and 2 rats of

the control group. Therefore, on the basis of the results from

this study, it is difficult to say whether agmatine would have a

potential benefit preventing gross hemorrhage, which is clini-

cally significant.

Agmatine was administered immediately after reperfusion be-

cause this timing is optimal for using agents with BBB blocking

properties in a clinical setting. In addition, a previous animal ex-

perimental study reported that agmatine showed neuroprotective

effects up to 4 hours after reperfusion.16 Further studies are

needed to investigate functional recovery and ultimate stroke out-

come when agmatine is administered early, late, or throughout

the phase of ischemic injury because timely pharmacotherapy is

important for dynamic temporal changes in BBB permeability.

If the treatment window for effective reperfusion therapy can

be expanded with agmatine, considerably more patients with

stroke would be eligible for therapy. The results of the present

study suggest that DCE-MR imaging has the potential to provide

imaging biomarkers that are valuable for adjunctive therapy to

reduce complications associated with thrombolytic therapy in

ischemic stroke.

There are several limitations in our study. First, spatial maps of

permeability could not be correlated with images of immunohis-

tochemical staining because it is not technically possible to match

regions on both MR imaging and histopathology. Second, the

long-term effects of agmatine could not be assessed because the

rats were sacrificed to obtain pathologic specimens right after we

performed MR imaging. Further studies are warranted to deter-

FIG 5. Immunohistochemical staining with primary antibodies against
factor VIII. The ratio of the number of factor VIII–positive cells
(brown) in the ipsilateral to that in contralateral hemisphere was
lower in the agmatine-treated group (upper row) than in the control
group (lower row) (3.1-fold versus 4-fold, P � .037) (original magnifi-
cation �200).
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mine the neuroprotective effects of agmatine, such as functional re-

covery, with serial follow-up. Third, a 3T MR imaging scanner, which

is not dedicated for animal imaging, was used in this study. However,

it is commonly used in clinical practice, and acceptable images can be

obtained to evaluate permeability in rat stroke models. Thus, a 3T

MR imaging scanner with the methods identical to those used in this

study may possibly be applied in humans. Last, because we had tried

to stain the brain tissue by immunoperoxidase, we did not perform

reference staining such as 4�,6-diamidino-2-phenylindole staining,

which is necessary to prove that the factor VIII was stained in the cell.

Instead, we confirmed that factor VIII was stained in the endothe-

lium along the blood vessels with higher power magnification (orig-

inal magnification �400) (Fig 6).

CONCLUSIONS
Agmatine protects the BBB in ischemic stroke, which can be mon-

itored in vivo by quantification of permeability by using DCE-MR

imaging. Therefore, DCE-MR imaging may serve as a potential

imaging biomarker for assessing the BBB stabilization properties

of pharmacologic agents, including agmatine, at early stages to

reduce complications associated with thrombolytic therapy in

ischemic stroke.
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FIG 6. Immunohistochemical staining with high power (original mag-
nification �400). Factor VIII is stained in the endothelium along the
blood vessels.
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