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Abstract
Background: The intravenous co-infusion of labradimil, a metabolically stable bradykinin B2
receptor agonist, has been shown to temporarily enhance the transvascular delivery of small
chemotherapy drugs, such as carboplatin, across the blood-brain tumor barrier. It has been thought
that the primary mechanism by which labradimil does so is by acting selectively on tumor
microvasculature to increase the local transvascular flow rate across the blood-brain tumor
barrier. This mechanism of action does not explain why, in the clinical setting, carboplatin dosing
based on patient renal function over-estimates the carboplatin dose required for target carboplatin
exposure. In this study we investigated the systemic actions of labradimil, as well as other
bradykinin B2 receptor agonists with a range of metabolic stabilities, in context of the local actions
of the respective B2 receptor agonists on the blood-brain tumor barrier of rodent malignant
gliomas.

Methods: Using dynamic contrast-enhanced MRI, the pharmacokinetics of gadolinium-
diethyltriaminepentaacetic acid (Gd-DTPA), a small MRI contrast agent, were imaged in rodents
bearing orthotopic RG-2 malignant gliomas. Baseline blood and brain tumor tissue
pharmacokinetics were imaged with the 1st bolus of Gd-DTPA over the first hour, and then re-
imaged with a 2nd bolus of Gd-DTPA over the second hour, during which normal saline or a
bradykinin B2 receptor agonist was infused intravenously for 15 minutes. Changes in mean arterial
blood pressure were recorded. Imaging data was analyzed using both qualitative and quantitative
methods.

Results: The decrease in systemic blood pressure correlated with the known metabolic stability
of the bradykinin B2 receptor agonist infused. Metabolically stable bradykinin B2 agonists,
methionine-lysine-bradykinin and labradimil, had differential effects on the transvascular flow rate
of Gd-DTPA across the blood-brain tumor barrier. Both methionine-lysine-bradykinin and
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labradimil increased the blood half-life of Gd-DTPA sufficiently enough to increase significantly the
tumor tissue Gd-DTPA area under the time-concentration curve.

Conclusion: Metabolically stable bradykinin B2 receptor agonists, methionine-lysine-bradykinin
and labradimil, enhance the transvascular delivery of small chemotherapy drugs across the BBTB of
malignant gliomas by increasing the blood half-life of the co-infused drug. The selectivity of the
increase in drug delivery into the malignant glioma tissue, but not into normal brain tissue or
skeletal muscle tissue, is due to the inherent porous nature of the BBTB of malignant glioma
microvasculature.

Background
The normal blood-brain barrier (BBB) of brain microvas-
culature[1,2] prevents the transvascular passage of small
hydrophilic chemotherapy drugs[3] or gadolinium (Gd)-
based MRI contrast agents into normal brain tissue [4]. In
contrast to the normal BBB, the blood-brain tumor barrier
(BBTB) of malignant brain tumor microvasculature is
porous due to fenestrations and gaps. This permits the
selective entry of small conventional chemotherapy drugs
or contrast agents into malignant glioma tumor tissue[5].
The clinically observed selective contrast enhancement of
malignant brain tumor tissue on MRI following the intra-
venous bolus of gadolinium (Gd)-diethyltri-
aminepentaacetic acid (DTPA)[6] is due to the
transvascular passage of the contrast agent across the
BBTB and transient accumulation within the extravascular
tumor space[7,8].

Even though the inherent leakiness of the BBTB does
allow for the selective transvascular passage of small con-
ventional chemotherapy drugs, such as carboplatin, these
drugs do not achieve sufficiently high concentrations
within tumor tissue after systemic infusion[9]. Bradykinin
B2 receptor agonists are vasodilator peptides that act on
the G-protein coupled bradykinin B2 receptors expressed
on the endothelial and smooth muscle cells of the micro-
vasculature supplying most tissues and organs[10,11].
Although bradykinin B2 receptors are ubiquitously
expressed, these receptors are over-expressed in malignant
tumors [12-15]. Since the bradykinin B2 receptor agonist-
mediated activation of these over-expressed receptors
results in the greater activation of nitric oxide[16] and
prostaglandin[17] pathways in tumor tissue than in nor-
mal tissues, it is thought that the bradykinin B2 agonists
selectively increase drug delivery across the blood-brain
tumor barrier of tumor microvasculature, and in the case
of peripheral solid tumors, the blood-tumor-barrier [16-
19].

The intravenous co-infusion of a metabolically stable
bradykinin B2 receptor agonist, labradimil (lobradimil,
RMP-7, Cereport)[20], has been shown to be effective at
enhancing the transvascular delivery of carboplatin[21]
and other small therapeutics [22-24] across the BBTB.

Based on quantitative autoradiography data, the findings
of the published literature suggest that the primary mech-
anism by which labradimil increases transvascular drug
delivery is by temporarily and selectively increasing the
transvascular flow rate across the BBTB[23,25,26]. This
mechanism of action, however, does not explain why in
the clinical trial setting, the adaptive dosing of carboplatin
has consistently over-estimated the carboplatin dose
required to achieve the target carboplatin expo-
sure[27,28]. We reasoned that this could be a conse-
quence of labradimil increasing the blood half-life, and
thereby, the tumor tissue half-life of any concurrently
administered small therapeutic or imaging agent. As such,
agent accumulation would not be expected to occur in the
extravascular space of tissues with continuous microvas-
culature, such as normal brain[1,2] and skeletal muscle
tissues[29,30]; therefore, an increase in transvascular
agent delivery into brain tumor tissue would be selective,
per se, for brain tumor tissue.

Based on our reasoning, we investigated the systemic
actions of labradimil, as well as other bradykinin B2
receptor agonists with a range of known metabolic stabil-
ities, in context of the local actions of the respective B2
receptor agonists on the BBTB of rodent malignant glio-
mas. We hypothesized that intravenously infused bradyki-
nin B2 receptor agonists would increase the blood half-
life of Gd-DTPA in proportion to the known metabolic
stabilities of the respective agonists. We predicted that this
increase in the blood half-life of Gd-DTPA would be evi-
dent in brain tumor tissue as well as skeletal muscle tissue;
however, Gd-DTPA extravasation would occur across only
the porous microvasculature of brain tumor tissue, and
not across the continuous microvasculature of skeletal
muscle tissue. Furthermore, in this study we sought to
detect tumor location and volume dependent differences
in the transvascular accumulation of Gd-DTPA within the
same brain tumor tissue both at baseline and during the
systemic infusion of bradykinin B2 receptor agonists. It is
well known that there are tumor volume and location
dependent differences in the transvascular flow rate across
BBTB at baseline[31,32] within the same brain, however
the significance of these differences has not yet been
established in context of the systemic actions of bradyki-
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nin B2 receptor agonists of a wide range of metabolic sta-
bilities[33].

For this study dynamic contrast-enhanced MRI was
used[34], instead of quantitative autoradiography, which
historically has been used to characterize transvascular
flow rate across the BBTB[31,35]. Although quantitative
for the concentration of radioactive agent within the
tumor tissue at the experimental endpoint, the major lim-
itations of autoradiography are: (1) the inability to deter-
mine the exact shape of the vascular input function due to
the limited frequency at which blood can be manually
sampled, especially during the initial time points; (2) the
inability to measure continuously the change in the tumor
tissue concentration of radioactive agent during the exper-
imental time period, and (3) the inability to acquire data
at baseline and during treatment in the same animal. In
contrast to autoradiography, with dynamic contrast-
enhanced MRI it is possible to image, in the same animal,
the pharmacokinetics of a contrast agent at baseline and
then during treatment[34,36].

With dynamic contrast-enhanced MRI we imaged the
pharmacokinetics of Gd-DTPA in the blood and tumor
tissue of rodents bearing orthotopic RG-2 malignant glio-
mas. We measured the change in blood and tissue Gd sig-
nal intensity with dynamic contrast-enhanced MRI, and
determined the blood and tissue Gd concentration by cal-
culating the molar relaxivity (r1) of Gd-DTPA in vitro[37]
and then the change in the longitudinal relaxivity (R1)
before and after contrast agent infusion for each imaged
volume element (voxel) in vivo[38]. We tested four brady-
kinin B2 agonists of different known metabolic stabilities,
with bradykinin (BK) being the least metabolically stable
and labradimil, a synthetic peptide, being the most meta-
bolically stable[11,20].

Based on this dynamic contrast-enhanced MRI-based
approach, we were able to measure the blood and tissue
pharmacokinetics of the 1st bolus of Gd-DTPA over the
first hour. We were then able to re-measure, in the same
animal, the blood and tissue pharmacokinetics of a 2nd

bolus of Gd-DTPA over the second hour, the initial 15
minutes of which either normal saline (NS) or a bradyki-
nin B2 receptor agonist was being infused intravenously.
We visually compared the Gd concentration curve profiles
of blood and RG-2 glioma tumor tissue from the 1st and
2nd Gd-DTPA boluses, calculated tumor tissue vascular
parameters (Ktrans, ve, and vp) for each Gd-DTPA bolus,
and conducted a percent change-based statistical analysis
of tumor tissue vascular parameters as well as tumor and
skeletal muscle tissue Gd-DTPA area under the concentra-
tion-time curve (AUC). We investigated bradykinin B2
receptor agonist treatment effects in the context of the vol-

ume of the RG-2 glioma and location of the RG-2 glioma
being in either the anterior or posterior brain.

Methods
Bradykinin B2 agonists and preparation for infusion
Bradykinin B2 receptor agonist peptides were synthesized
based on the known amino acid sequences (Peptides
International, Inc., Louisville, KY)[11,20]. The peptides
were received and stored in powder form, in 3 to 5 mg
aliquots, at -20°C, until used. Each peptide was dissolved
in sterile phosphate buffered saline (pH 7.4) to the appro-
priate concentration for infusion at the time of each exper-
imental session. The infusion concentration of the BK,
lysine-bradykinin (Lys-BK), and methionine-lysine-
Bradykinin (Met-Lys-BK) solutions was 200 !g/mL, and
the rate of infusion was 0.04 !mol/kg/min[35,39]. The
concentration of the labradimil solution was 6 !g/mL,
and the rate of infusion was 1 !mol/kg/min[40]. All
bradykinin B2 receptor agonists were infused for 15 min-
utes, with the infusion of each agonist beginning 2 to 3
minutes prior to the 2nd Gd-DTPA bolus.

In vitro magnetic resonance imaging for calculation of Gd-
DTPA molar relaxivity
All MRI experiments were conducted using a 3.0 tesla MR
scanner (Philips Intera; Philips Medical Systems, Andover,
MA) equipped with a 7 cm solenoid radiofrequency coil
(Philips Research Laboratories, Hamburg, Germany). Gd-
DTPA (Magnevist, 500 mM gadopentetate dimeglumine
salt; Bayer, Toronto, Canada) was diluted using PBS into
200 !L microfuge tubes at concentrations (C) of 0.00 mM,
0.25 mM, 0.50 mM, 0.75 mM and 1.00 mM. The micro-
fuge tubes were secured in level and upright positions
within a plastic container filled with deionized ultra pure
water. The container was placed in the small animal coil
and centered within a 3 tesla MR scanner (Philips Intera;
Philips Medical Systems, Andover, MA). Gd signal inten-
sity measurements were then taken using a series of T1
weighted spin echo sequences with identical TE intervals
(10 ms) and different TR intervals (100 ms, 300 ms, 600
ms and 1200 ms). Using the measured Gd signal inten-
sity, in addition to the known values for TR and TE, the
longitudinal relaxivity (R1,1/T1) and equilibrium magnet-
ization (M0) were determined by non-linear regression
(Eq. 1)[41].

The molar relaxivity (r1) was calculated by linear regres-
sion (Eq. 2)[41].

S M
TR
T

TE
T

= − −


















 −









0 1

1 2
exp exp (1)

1

1

1

10
1T T

r C= + (2)



Journal of Translational Medicine 2009, 7:33 http://www.translational-medicine.com/content/7/1/33

Page 4 of 15

(page number not for citation purposes)

The molar relaxivity of Gd-DTPA was measured to be 4.05
1/mM*s. The relaxivity of Gd-DTPA calculated in vitro was
assumed to be equivalent to the relaxivity of Gd-DTPA in
vivo for the purposes of this study[37,42].

Brain tumor induction and MRI suite set-up
All animal experiments were approved by the National
Institutes of Health Clinical Center Animal Care and Use
Committee. Cryofrozen pathogen-free RG-2 glioma cells
were obtained from the American Type Culture Collection
(Rockville, MD) and cultured in sterile DMEM supple-
mented with 10% FBS and 2% penicillin-streptomycin in
an incubator set at 37°C and 5% CO2. The anesthesia and
route for all animal experiments was isoflurane by inhala-
tion with nose cone, 5% for induction and 1 to 2% for
maintenance. On experimental day 0, the head of anes-
thetized adult male Fischer 344 rats (F344) weighing
200–250 grams (Harlan Laboratories, Indianapolis, IN)
was secured in a stereotactic frame with ear bars (David
Kopf Instruments, Tujunga, CA). The right anterior cau-
date and left posterior thalamus locations within the
brain were stereotactically inoculated with RG-2 glioma
cells[38,43]. In each location, either 20,000 or 100,000
glioma cells in 5 !L of sterile PBS were injected over 8
minutes, using a 10 !L Hamilton syringe (Hamilton
Company, Reno, NV) with a 32-gauge needle[38].

On experimental days 11 to 12, the rats were re-anesthe-
tized. Cannulation of both femoral veins and one femoral
artery with polyethylene tubing (PE-50; Becton-Dickin-
son, Franklin Lakes, NJ) was performed and 40 cm long
cannulas filled with heparinized normal saline (10 u
heparin sodium/1 mL saline) inserted. To maintain a
closed system, each cannula was connected to a 10 mL
Luer-Lok plastic syringe (Becton-Dickinson Medical, Fran-
klin Lakes, NJ), which also contained heparinized normal
saline. One venous cannula was used for infusion of Gd-
DTPA, and the other venous cannula was used for infu-
sion of either NS or respective bradykinin B2 receptor ago-
nist. The arterial cannula was used for blood pressure
monitoring. 50 !L of blood was withdrawn from a venous
cannula for measurement of hematocrit (Hct).

For imaging, the animal was transported to the 3 tesla
Philips Intera MRI scanner, positioned in the solenoid
small animal MRI coil, and a low pressure respiratory
monitor (BIOPAC Systems, Inc., Goleta, CA) was placed
around the animal's chest and loosely fastened with
porous medical PE tape (Full Aid Company, Shanghai,
China) to the edges of the gurney for the small animal
MRI coil. During the initial set-up, two NS pre-filled 3 mL
Luer-Lok plastic syringes (Becton-Dickinson Medical,
Franklin Lakes, NJ) had been loaded onto separate micro-
infusion pumps (PHD 2000; Harvard Apparatus, Hollis-
ton, MA) located in the MRI control room. In addition to

the two 3 mL syringes filled with NS, a third 3 mL syringe
filled with either NS or respective bradykinin B2 receptor
agonist was loaded onto a third Harvard micro-infusion
pump. The two 3 mL pre-filled NS syringes were con-
nected to NS filled PE-50 tubings, and the third 3 mL
syringe, filled with either NS or a bradykinin B2 receptor
agonist, was connected to PE-50 tubing containing either
NS or the respective bradykinin B2 receptor agonist, being
careful not to introduce any air into the set-up. The PE-50
tubings were tunneled from the MRI control room to the
MRI scanner room through an opening within the wall
between the two rooms. In the scanner room, the distal
ends of the two NS filled PE-50 tubings designated to be
Gd-DTPA infusion tubings, were each connected to an
additional piece of PE-50 tubing containing a 0.10 mmol
Gd/kg dose of Gd-DTPA. Then, the distal free end of each
of the Gd-DTPA containing tubings was connected to a
prong of a micro-Y-connector pre-filled with NS. The
remaining free end of the micro-Y-connector was con-
nected to the rat's femoral venous cannula. In the MRI
scanner, in a similar fashion, taking care not to introduce
any free air, the rat's second femoral venous cannula was
connected to the PE-50 tubing containing either NS or a
bradykinin B2 receptor agonist. Lastly, the distal end of
the rat's femoral artery cannula was connected to the NS
filled PE-50 tubing of the arterial blood pressure monitor-
ing system. The mean arterial blood pressure was meas-
ured using a small animal arterial blood pressure
transducer connected to the MP-35 BIOPAC Student Lab
system (BIOPAC Systems, Inc., Goleta, CA) located in the
control room.

In vivo magnetic resonance imaging
For imaging, the animal was positioned supine, with face,
head, and neck snugly inserted into a nose cone centered
within the 7 cm small animal solenoid radiofrequency
coil. Anchored to the exterior of the nose cone were three
200 !L microfuge tubes containing 0.00 mM, 0.25 mM
and 0.50 mM solutions of Gd-DTPA to serve as standards
for measurement of MRI signal drift over time. In some
case cases MRI signal drift was observed, therefore these
data were excluded from further analysis. Coronal, sagit-
tal, and axial localizer scans were used in order to identify
the coronal plane most perpendicular to the rat brain dor-
sum. After orienting the rat brain in the image volume, a
fast spin echo T2 weighted anatomical scan was per-
formed. Image acquisition parameters for the T2 scan
were: repetition time (TR) of 6000 ms, echo time (TE) of
70 ms, image matrix of 256 by 256, and slice thickness of
0.5 mm (over-contiguous). In order to quantify contrast
agent concentration during post imaging processing, two
separate three dimensional fast field echo T1 weighted
(3D FFE T1W) scans were performed, one at a 3° low flip
angle (low FA) of and the other at a 12° high flip angle
(high FA). Image acquisition parameters for both scans
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were: TR of 8.1 ms, TE of 2.3 ms, image matrix of 256 by
256, and slice thickness of 1 mm (over-contiguous). The
low FA scan was performed over 1.67 min, without any
contrast agent on board. The high FA scan was a multi-
dynamic scan consisting of 360 or 375 individual
dynamic scans. The entire brain volume was imaged over
20 seconds for each dynamic scan resulting in the high FA
scan duration being 120 or 125 minutes. Gd-DTPA was
infused as a slow bolus, over 1 minute, so that the blood
pharmacokinetics of Gd-DTPA could accurately be meas-
ured, especially during the early time points. At the begin-
ning of the high FA scan, three to five pre-contrast brain
volumes were acquired to guarantee the integrity of the T1
map without contrast agent (T10). Following acquisition
of the pre-contrast brain volumes, 0.10 mmol/kg Gd-
DTPA was dispatched (1st Gd-DTPA bolus), and then once
again, at the 1 hour time point in the scan (2nd Gd-DTPA
bolus). The NS or respective bradykinin B2 receptor ago-
nist infusion was begun at the 57 minute mark and lasted
for 15 minutes. The 2nd Gd-DTPA bolus was dispatched
approximately 2.5 minutes after the start of the normal
saline or respective bradykinin B2 receptor agonist infu-
sion, to ensure that the saline or agonist was in circulation
for at least 2 minutes prior to the arrival of the Gd-DTPA
bolus. Total volume infused per animal, including that
associated with the two Gd-DTPA boluses, was less than
1.2 mL.

Dynamic contrast-enhanced MRI scan data post-
processing
Image data were analyzed using the Analysis of Functional
NeuroImages (AFNI; http://afni.nimh.nih.gov/) software
suite[44]. Motion correction and volume registration were
performed by registering each dynamic high FA volume to
the low FA volume, with image alignment based on least
squares minimization using 3dvolreg. After volume regis-
tration, a T1 without contrast (T10) map was generated, by
using the low FA signal data and the mean of the dynamic
scan signal data before the visualization of the first Gd-
DTPA contrast bolus (Eq. 3)[41].

The mean T10 signal value was determined voxel-by-voxel
and then this data was used as input for the pharmacoki-
netic modeling done in AFNI using 3dNLfim. Computing
concentration curves was an internal set of steps, but the
actual fitting was done against the MRI signal data. The T1
with contrast concentration was calculated voxel-by-voxel
for each high FA dynamic scan after visualization of the 1st

Gd-DTPA contrast bolus (Eq. 3). Using the mean T10 sig-
nal value and T1 signal values in addition to the Gd-DTPA
molar relaxivity value, which was measured in vitro to be

4.05 1/mM*s, the Gd signal space data set was converted
to a Gd concentration space data set (Eq. 2). Subsequent
data analyses were conducted on two separate truncated
Gd concentration space multi-dynamic scan data sets, one
multi-dynamic scan data set for the first hour (1st Gd-
DTPA bolus) and the other multi-dynamic scan data set
for the second hour (2nd Gd-DTPA bolus).

For each tumor, a whole tumor region of interest was
drawn manually, based on the time at which maximal
contrast enhancement first occurred following the 2nd Gd-
DTPA bolus injection. For each left temporalis muscle and
normal brain, a standard spherical 8.5 mm3 region of
interest was drawn. Vascular input functions were gener-
ated by visually inspecting and selecting a few voxels
within the superior sagittal sinus that had both physiolog-
ically reasonable T10 values (~1100 ms), and peak Gd con-
centrations (~1.0 mM) that were closest to the estimated
volume of distribution of Gd-DTPA in a 250 gram rat with
a blood volume of approximately 14 mL[45]. The 2 to 3
voxels selected for the first and second part of the experi-
ment were not necessarily the same voxels. Blood Gd con-
centration (Cb) was converted to plasma Gd
concentration (Cp) by correcting for the hematocrit of
each rat (Eq. 4)[46].

Since our brain volume acquisition rate was once every 20
seconds and the known transit time of blood movement
between an artery to a vein within the brain is approxi-
mately 5 seconds[47], we selected the vascular input func-
tion voxels from the superior sagittal sinus, a large caliber
brain vein with limited partial volume averaging related
attenuation of signal intensity, as well as minimal distor-
tion of signal related to blood flow effects.

Dynamic contrast enhanced MRI-based pharmacokinetic 
modeling of brain tumor vascular parameters
The kinetic parameters were computed voxel-by-voxel
over the entire brain volume using the 3dNLfim. Each Gd-
DTPA bolus-based Gd concentration curve time series was
analyzed using pharmacokinetic modeling voxel-by-
voxel. The 2-compartment 3-parameter model general-
ized kinetic model [48] was used to model voxel-by-voxel
brain tumor vascular parameters, both during the 1st Gd-
DTPA bolus and, once again, during the 2nd Gd-DTPA
bolus when either normal saline or the respective brady-
kinin B2 receptor agonist was infusing. For calculation of
brain tumor tissue vascular parameters during the 1st Gd-
DTPA bolus, no residual contrast correction was per-
formed when modeling, as reflected in Eq. 5 [48], since
Cp(0) = 0 and Ct(0) = 0. However, for the calculation of
tumor tissue vascular parameters during the 2nd Gd-DTPA
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bolus, a residual contrast correction was applied when
modeling, as reflected in Eq. 5, since Cp(0) " 0 and Ct(0)
" 0, due to the presence of residual contrast from the 1st

Gd-DTPA bolus at the time of the 2nd Gd-DTPA bolus.

Ktrans – volume transfer constant from vascular space to
extravascular extracellular space[46] – index of the trans-
vascular flow rate across the blood-brain tumor barrier

ve – fractional extravascular extracellular volume[46] –
index of tumor extravascular extracellular space

vp – fractional plasma volume[46] – index of tumor vascu-
larity

Ct (0) is defined as initial concentration of contrast agent
in tumor tissue

Ct (t) is defined as concentration of contrast agent in
tumor tissue at time point (t)

Cp (0) is defined as initial concentration of contrast agent
in plasma

Cp (t) is defined as concentration of contrast agent in
plasma at time point (t)

Constraints on the parameters were set between 0 and 1,
calling on 100,000 iterations. The units were unitless for
both ve and vp, and in per minute for Ktrans. Least squares
minimizations were performed by implementing the
Nelder-Mead Simplex algorithm. Approximately 10% of
voxels per tumor, usually located in the region of the
tumor periphery, did not generate physiological parame-
ters, due to a low signal to noise ratio and limitations of
the curve fitting algorithm. These tumor voxels were cen-
sored based on visual inspection of curve fits and param-
eter distribution. Along the same lines, temporalis skeletal
muscle tissue and normal brain tissue voxels did not gen-
erate physiologic parameters.

Dynamic contrast enhanced MRI-based calculation of 
area under the concentration-time curve
For calculation of the tumor AUC, each time series per
censored tumor voxel per injection per rat was averaged
together to make an average censored time series per rat,
which was weighted based on each tumor's volume. All
rats, except one, grew two gliomas. One rat in the
labradimil treatment group only grew an anterior glioma
and no posterior glioma. Since the 2nd Gd-DTPA bolus
time series for each rat required that the residual contrast
from the 1st Gd-DTPA injection be taken into considera-

tion, an exponential decay term was subtracted from each
voxel's 2nd Gd-DTPA bolus time series. The AUC data was
then computed for each Gd-DTPA bolus by trapezoidal
integration. The left temporalis skeletal muscle AUC was
calculated in an analogous manner, but all voxels were
used for calculation, since no modeling was performed,
and therefore, no temporalis muscle voxels were cen-
sored.

Statistical analysis for pharmacokinetic modeling and area 
under concentration-time curve
For all statistical analyses, the two RG-2 gliomas per rat
were treated as correlated. The covariance structure in the
multivariate analysis of covariance (MANCOVA) was
assumed to be an unknown covariance structure while
using the Kenward-Roger degrees of freedom method. For
the statistical analyses of pooled 1st Gd-DTPA bolus vascu-
lar parameter data, an initial MANCOVA was used to
screen for a tumor volume by tumor location interaction,
and there was no tumor volume by tumor location inter-
action. Subsequent MANCOVAs showed that there were
significant tumor volume effects for all of the baseline vas-
cular parameters. For the vp vascular parameter, in addi-
tion to a significant tumor volume effect, there was also a
significant tumor location effect.

Statistical analyses of percent change-based tumor vascu-
lar parameter data, as well as of the tumor and temporalis
muscle AUC data, were performed to examine treatment
effects. For these data, an initial MANCOVA was used to
screen for interactions of treatment group by tumor loca-
tion and treatment group by tumor volume. If there were
no significant treatment group interactions, subsequent
MANCOVAs were used to examine the treatment effects
with tumor location and volume being covariates. For per-
cent change tumor vascular parameter data, there were no
significant treatment group interactions for the ve and vp
vascular parameters. There was a significant treatment
group by tumor location interaction for the Ktrans vascular
parameter. Therefore, for Ktrans, treatment effects on ante-
rior and posterior brain gliomas were examined individu-
ally, using an analysis of covariance (ANCOVA) with
tumor volume being a covariate.

Censored tumor AUC data and uncensored left temporalis
AUC data were analyzed. For tumor AUC data, there was
a significant treatment group by tumor location interac-
tion. Treatment group effects for anterior and posterior
brain gliomas were examined individually, using the
ANCOVA model with tumor volume being a covariate.
Treatment group effects for the left temporalis muscle
were examined using an analysis of variance (ANOVA)
model, since the volume and location of the muscle
region of interest was constant across animals. P-values
reported are adjusted values using Dunnett-Hsu adjust-
ments for multiple post hoc comparisons of treatment
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effect. All statistical tests were two-sided and implemented
in SAS (SAS Institute Inc., Cary, North Carolina) with # =
0.05.

Results
Baseline RG-2 glioma vascular parameters
By modeling the blood and brain tumor tissue Gd concen-
tration curves of the 1st Gd-DTPA bolus, with the 2-com-
partment 3-parameter generalized kinetic model[48], we
calculated the baseline RG-2 glioma tissue vascular
parameter values prior to intravenous bradykinin B2 ago-
nist infusion. Based on this data we were able to establish
the relationship between RG-2 glioma tumor volume, and
the baseline transvascular flow rate (Ktrans) across the
BBTB, fractional extravascular extracellular tumor volume
(ve), and fractional plasma volume (vp). These baseline
vascular parameter values also served as internal control
values for our percent change-based statistical analysis of
change in baseline RG-2 glioma vascular parameters dur-
ing the intravenous infusion of different bradykinin B2
receptor agonists.

We found that with an increase in RG-2 glioma tumor vol-
ume, there was also an increase in tumor tissue Ktrans

(F1,66.4 = 47.60, p < 0.0001), ve (F1,75 = 47.14, p < 0.0001),
and vp (F1,54.7 = 10.79, p = 0.0018) (Figure 1A through
1C). RG-2 glioma location had no effect on tumor Ktrans

(F1,44.3 = 0.13, p = 0.7200) or ve (F 1,43.9 = 0.01, p <
0.9208). In the case of vp, an index of perfused tumor
microvasculature, there was a tumor location effect, with
RG-2 gliomas located within the posterior brain having a
higher vp than those located within the anterior brain
(F1,43.3 = 36.14, p < 0.0001) (Figure 1C).

Mean arterial blood pressure during the infusion of 
bradykinin B2 receptor agonists
There was a decrease in mean arterial blood pressure dur-
ing the intravenous infusion of each of the bradykinin B2

receptor agonists, as shown in Figure 2. The most signifi-
cant fall in MABP was caused by the infusion of
labradimil. However, both Met-Lys-BK and labradimil
produced a similar initial decrease in MABP, which
occurred during the first 2 to 3 minutes. In the case of Met-
Lys-BK, the initial magnitude of fall in MABP did not per-
sist. In the case of labradimil, it did persist and remained
10 to 15 mmHg lower than the decrease produced by Met-
Lys-BK, before trending towards baseline (Figure 2).

Blood half-life of Gd-DTPA as a result of the infusion of 
bradykinin B2 receptor agonists
The change, over time, in blood Gd-DTPA concentration
was measured in the superior sagittal sinus, which is a
large caliber vein in the rat brain. The change in blood Gd-
DTPA concentration for the 1st hour of scanning, follow-
ing the 1st Gd-DTPA bolus, was compared to that over the
2nd hour of scanning, following the 2nd Gd-DTPA bolus.
The 15 minute intravenous infusion of NS, beginning 2 to
3 minutes prior to the 2nd Gd-DTPA bolus, had almost no
effect on the blood half-life of Gd-DTPA, as evidenced by
the similarities, over time, in the 1st and 2nd Gd-DTPA con-
centration curves in Figure 3, panel A. There was a slight
increase in the blood half-life of Gd-DTPA with the intra-
venous infusion of BK (Figure 3B), and a somewhat
greater increase with the infusion of Lys-BK (Figure 3C).
The increase in blood half-life of Gd-DTPA was even
greater with the infusion of Met-Lys-BK (Figure 3D). The
greatest increase in blood half-life of Gd-DTPA was a
result of the labradimil infusion (Figure 3E).

Changes in transvascular flow rate across the BBTB due to 
the infusion of bradykinin B2 receptor agonists
Based on pharmacokinetic modeling of the 2nd Gd-DTPA
bolus concentration curve data and determination of the
tumor vascular parameters during the intravenous infu-
sion of either NS or bradykinin B2 receptor agonist, the
percent change from baseline in the vascular parameters

Relationship between RG-2 glioma tumor location and volume and modeled baseline pharmacokinetic parametersFigure 1
Relationship between RG-2 glioma tumor location and volume and modeled baseline pharmacokinetic param-
eters. (A) Ktrans (transvascular flow rate, 1/min), (B) ve (extravascular extracellular space, fraction), (C) vp (vascular plasma vol-
ume, fraction). Anterior brain gliomas, N = 42; Posterior brain gliomas, N = 41.
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of anterior and posterior RG-2 glioma tumor tissues was
calculated for each treatment group. By comparing the
vascular parameter percent change of each bradykinin B2
receptor agonist group to that of the NS group, we found
that there were no significant differences in ve (F4,37.3 =
1.91, p = 0.1300) and vp (F4,36.5 = 2.33, p = 0.0739). In the
case of Ktrans, we found that there was a significant percent
change in Ktrans of the BBTB of anterior brain RG-2 gliomas
(F4,36 = 11.62, p < 0.0001) and posterior brain RG-2 glio-
mas (F4,35 = 5.38, p = 0.0017) due to the infusion of

bradykinin B2 receptor agonists. There was no statistically
significant tumor volume effect on the change in Ktrans in
anterior brain gliomas (F1,36 = 3.49, p = 0.0698) as well as
posterior brain gliomas (F1,35 = 2.31, p = 0.1378).

On post hoc analysis, in the BK group to NS group com-
parison, there was no significant change in Ktrans of the
BBTB for anterior brain (p = 0.1634) and posterior brain
(p = 0.9978) RG-2 gliomas (Figure 4A and 4B). Likewise,
in the Lys-BK group to NS group comparison, there was
also no significant change in Ktrans of the BBTB for anterior
brain (p = 0.3260) and posterior brain (p = 0.6696) RG-2
gliomas (Figure 4A and 4B). In the Met-Lys-BK group to
NS group comparison, there was a statistically significant
percent increase in the Ktrans of the BBTB in anterior brain
RG-2 gliomas (p = 0.0208) (Figure 4A), but there was not
a statistically significant increase in the Ktrans of the BBTB
in posterior brain RG-2 gliomas (p = 0.6049) (Figure 4B).
In the labradimil group to NS group comparison, there
was a statistically significant percent decrease in the Ktrans

of the BBTB for both anterior brain (p = 0.0315) and pos-
terior brain (p = 0.0172) RG-2 gliomas (Figure 4A and
4B).

Differences in pharmacokinetic behavior of Gd-DTPA in 
brain tumor and skeletal muscle tissues
The 1st and 2nd Gd-DTPA concentration curve profiles
from RG-2 glioma tumor tissue, which has fenestrated
microvasculature[49], were compared to those of tempo-
ralis skeletal muscle tissue, which has continuous microv-
asculature[30]. Both the 1st and 2nd Gd concentration
curve profiles from RG-2 glioma tumor tissue (Figure 5A
through 5E) did not mirror the respective Gd concentra-
tion curve profiles from blood (Figure 3A through 3E),

Change in mean arterial blood pressure during the 15 minute intravenous infusion of normal saline or respective bradyki-nin B2 agonistFigure 2
Change in mean arterial blood pressure during the 
15 minute intravenous infusion of normal saline or 
respective bradykinin B2 agonist. NS, Normal Saline (N 
= 5); BK, Bradykinin (N = 5); Lys-BK, lysine-bradykinin (N = 
7); Met-Lys-BK, methionine-lysine-bradykinin (N = 5); 
Labradimil (N = 11). Error bars represent standard deviation.

Change in blood Gd concentrations of the 1st Gd-DTPA bolus versus of the 2nd Gd-DTPA bolus during 15 minute intravenous infusion of normal saline or respective bradyki-nin B2 agonistFigure 3
Change in blood Gd concentrations of the 1st Gd-
DTPA bolus versus of the 2nd Gd-DTPA bolus during 
15 minute intravenous infusion of normal saline or 
respective bradykinin B2 agonist. (A) NS (N = 6), (B) 
BK (N = 8), (C) Lys-BK (N = 8), (D) Met-Lys-BK (N = 7), (E) 
Labradimil (N = 13). Error bars represent standard deviation.

Percent change in modeled Ktrans of anterior and posterior brain RG-2 gliomas as a result of the 15 minute intravenous infusion of normal saline or respective bradykinin B2 agonistFigure 4
Percent change in modeled Ktrans of anterior and pos-
terior brain RG-2 gliomas as a result of the 15 minute 
intravenous infusion of normal saline or respective 
bradykinin B2 agonist. (A) Anterior brain RG-2 gliomas; 
NS (N = 6), BK (N = 8), Lys-BK (N = 8), Met-Lys-BK (N = 
7), Labradimil (N = 13); (B) Posterior brain RG-2 gliomas; NS 
(N = 6), BK (N = 8), Lys-BK (N = 8), Met-Lys-BK (N = 7), 
Labradimil (N = 12). P-values reported are adjusted values 
using Dunnett-Hsu adjustments for multiple post hoc com-
parisons of treatment effect.
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since the Gd-DTPA extravasated out of the leaky tumor
microvasculature and pooled in the extravascular tumor
space. For ease of comparison, the blood and RG-2 glioma
tumor tissue Gd concentration curves are shown together
within a single figure in Additional file 1. As seen in the
case of blood Gd-DTPA concentration curves, the degree
of increase in half-life of Gd-DTPA in the extravascular
tumor space correlated with the metabolic stability of
bradykinin B2 agonist (Figure, 5A through 5E). As in
blood, the increase in the half-life of Gd-DTPA in the
extravascular tumor tissue space was greatest with
labradimil infusion (Figure 5E).

In contrast to the Gd-DTPA concentration curve profiles
of RG-2 glioma tumor tissue, both the 1st and 2nd Gd con-
centration curve profiles from temporalis skeletal muscle
tissue (Figure 6A through 6E) mirrored the respective Gd
concentration profiles from blood (Figure 3A through
3E), since the Gd-DTPA remained predominantly within
the skeletal muscle microvasculature, and did not extrava-
sate into the extravascular tissue space. For ease of com-
parison, the blood and temporalis skeletal muscle tissue
Gd concentration curves are shown together within a sin-
gle figure in Additional file 2. There was an increase in the
peak of the 2nd Gd-DTPA concentration profile compared
to the 1st (Figure, 6B through 6E). This was not the case
with NS infusion (Figure 6A), indicating that blood flow
to skeletal muscle microvasculature increased with brady-
kinin B2 agonist infusion, irrespective of the metabolic
stability of the agonist. As seen in the case of blood Gd-
DTPA concentration curves of the superior sagittal sinus,
the degree of increase in the half-live of Gd-DTPA within
skeletal muscle tissue microvasculature correlated with

the metabolic stability of the bradykinin B2 agonist (Fig-
ure 6A through 6E). As in blood of the superior sagittal
sinus, the increase in the half-life of Gd-DTPA in skeletal
tissue microvasculature was greatest with labradimil infu-
sion (Figure 6E).

Gd-DTPA area under the concentration-time curve in the 
brain tumor and skeletal muscle tissues
To quantify effect of increased Gd-DTPA half-life, for
brain tumor and skeletal muscle tissues the percent
change in Gd-DTPA AUC between the 1st and the 2nd Gd-
DTPA concentration curve profiles. Comparisons of the
percent change in Gd-DTPA AUC of each bradykinin B2
agonist group to that of the NS group were made.

In the case of brain tumor tissue, for anterior brain RG-2
gliomas there was significant percent change in Gd-DTPA
AUC with bradykinin B2 receptor agonist infusion (F4,36 =
9.62, p < 0.0001), and there was a statistically significant
tumor volume effect (F1,36 = 4.68, p = 0.0372), i.e. the per-
cent change in Gd-DTPA AUC was dependent on the gli-
oma tumor volume. For posterior RG-2 gliomas there was
a significant percent change in Gd-DTPA AUC with brady-
kinin B2 receptor agonist infusion (F4,35 = 6.72, p =
0.0004), but no statistically significant tumor volume
effect (F1,35 = 3.01, p = 0.0915). On post hoc analysis, in
the BK group and Lys-BK group to NS group comparisons,
there was no significant change in Gd-DTPA AUC for
anterior brain and posterior brain RG-2 gliomas (Figure
7A and 7B). In the Met-Lys-BK group to NS group compar-
ison, there was a significant percent increase in Gd-DTPA
AUC for anterior brain (p = 0.0008) but not posterior
brain (p = 0.0600) RG-2 gliomas (Figure 7A and 7B). Like-
wise, in the labradimil group to NS group comparison,

Change in RG-2 glioma tumor tissue Gd concentrations of the 1st Gd-DTPA bolus versus of the 2nd Gd-DTPA bolus during 15 minute intravenous infusion of normal saline or respective bradykinin B2 agonistFigure 5
Change in RG-2 glioma tumor tissue Gd concentra-
tions of the 1st Gd-DTPA bolus versus of the 2nd Gd-
DTPA bolus during 15 minute intravenous infusion of 
normal saline or respective bradykinin B2 agonist. (A) 
NS (N = 6), (B) BK (N = 8), (C) Lys-BK (N = 8), (D) Met-
Lys-BK (N = 7), (E) Labradimil (N = 13). Average tumor tis-
sue concentration curves and standard deviation error bars 
are weighted with respect to total tumor volume within the 
respective treatment group.

Change in temporalis skeletal muscle tissue Gd concentra-tions of the 1st Gd-DTPA bolus versus of the 2nd Gd-DTPA bolus during 15 minute intravenous infusion of normal saline or respective bradykinin B2 agonistFigure 6
Change in temporalis skeletal muscle tissue Gd con-
centrations of the 1st Gd-DTPA bolus versus of the 
2nd Gd-DTPA bolus during 15 minute intravenous 
infusion of normal saline or respective bradykinin B2 
agonist. (A) NS (N = 6), (B) BK (N = 8), (C) Lys-BK (N = 8), 
(D) Met-Lys-BK (N = 7), (E) Labradimil (N = 13). Error bars 
represent standard deviation.
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there was a significant percent increase in Gd-DTPA AUC
for anterior brain (p = 0.0235) but not posterior brain (p
= 0.1286) RG-2 gliomas (Figure 7A and 7B). Since the
post hoc analysis, in each of the bradykinin B2 receptor
agonist group to NS group comparisons, did not reveal
any significant differences in Gd-DTPA AUC, this indi-
cates that there exists a significant difference in one or
more other pair-wise comparisons, for example, in the in
the Met-Lys-BK group and labradimil group to NS group
comparisons.

In the case of temporalis skeletal muscle tissue, there was
a significant percent change in Gd-DTPA AUC with brady-
kinin B2 receptor agonist infusion (F4,37 = 11.95, p <
0.0001). On post hoc analysis, in the BK group and Lys-
BK group to NS group comparisons, there was no signifi-
cant change in Gd-DTPA AUC (Figure 7C). In the Met-Lys-
BK group to NS group comparison, there was a significant
percent increase in Gd-DTPA AUC (p < 0.0001) (Figure
7C). Likewise, in the labradimil group to NS group com-
parison, there was a significant percent increase in Gd-
DTPA AUC (p < 0.0001) (Figure 7C).

Discussion
Historically, quantitative autoradiography has been used
to determine how effective co-infused labradimil is at
enhancing the transvascular delivery of a radioactive agent
across the BBTB into tumor tissue[35]. Due to practical
limitations in the frequency at which blood can be with-
drawn from the subject during autoradiography, it is very
difficult to determine accurately the continuous change in
blood concentration of the radioactive agent and determi-
nation of the arterial input function[34]. Therefore, the
autoradiography determination relies heavily the meas-

urement of the amount radioactive agent in the harvested
tumor tissue specimen, on the basis of which the unidirec-
tional transfer constant, Ki, is calculated[35]. Due to the
unavailability of tumor tissue concentration curve data,
an increase in the concentration of the radioactive agent
in brain tumor tissue at the experimental endpoint would
signify that the transvascular flow rate across the BBTB
had increased during the infusion of labradimil, which
has been the interpretation to date[23,25,26]. In this
study, by using dynamic contrast-enhanced MRI, we were
able to image during the 1st hour, the blood and tissue
pharmacokinetics of a bolus infusion of Gd-DTPA, and
then, in the same animal head, re-image during the 2nd

hour the blood and tissue pharmacokinetics of a second
bolus infusion of Gd-DTPA, during which either normal
saline or a bradykinin B2 receptor agonist was infused for
15 minutes (Figure 8A and 8B). Data analysis of 2nd Gd-
DTPA bolus pharmacokinetics was conducted taking into
account the decay of residual contrast related to the 1st Gd-
DTPA bolus, as detailed in the Methods section.

Although several dynamic contrast-enhanced MRI-based
pharmacokinetic models exist, in this work we employed
the 2-compartment 3-parameter generalized kinetic
model since this model allows for the calculation of the
fractional vascular plasma volume (vp), in addition to
transvascular flow rate (Ktrans) and fractional extravascular
extracellular space (ve)[46,48]. Using the generalized
kinetic model, we modeled the 1st Gd-DTPA bolus con-
centration curve data to determine the baseline RG-2 gli-
oma tumor tissue vascular parameters. We found that the
transvascular flow rate across the BBTB, extravascular
extracellular space, and vascular plasma volume of RG-2
gliomas increased as RG-2 glioma tumor volume

Percent change in Gd-DTPA area under the time-concentration curve (AUC) of RG-2 glioma tumor tissue and temporalis skel-etal muscle tissue as a result of the 15 minute intravenous infusion of normal saline or respective bradykinin B2 agonistFigure 7
Percent change in Gd-DTPA area under the time-concentration curve (AUC) of RG-2 glioma tumor tissue and 
temporalis skeletal muscle tissue as a result of the 15 minute intravenous infusion of normal saline or respec-
tive bradykinin B2 agonist. (A) Anterior brain RG-2 gliomas; NS (N = 6), BK (N = 8), Lys-BK (N = 8), Met-Lys-BK (N = 7), 
Labradimil (N = 13); (B) Posterior brain RG-2 gliomas; NS (N = 6), BK (N = 8), Lys-BK (N = 8), Met-Lys-BK (N = 7), 
Labradimil (N = 12); (C) Temporalis skeletal muscle, NS (N = 6), BK (N = 8), Lys-BK (N = 8), Met-Lys-BK (N = 7), Labradimil 
(N = 13). P-values reported are adjusted values using Dunnett-Hsu adjustments for multiple post hoc comparisons of treat-
ment effect.
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increased, regardless of whether the glioma was located in
the anterior or posterior brain. These findings demon-
strate that, as the volume of a brain tumor increases, the
BBTB becomes more porous, the extravascular extracellu-
lar space enlarges, and the tumor becomes more vascular,
and are in agreement with what has previously been
reported for rodent brain tumors[32,33,50]. The posterior
brain RG-2 gliomas in our study were located in the pos-
terior thalamus of the rat brain. We found that these pos-
terior thalamus gliomas had higher vascular plasma
volumes than anterior caudate gliomas. This may be
attributable to posterior brain tumors being in close prox-
imity to choroid plexus of the rat brain ventricular cavi-
ties, as has been previously observed[50].

We interrogated the pharmacokinetics of Gd-DTPA dur-
ing the intravenous infusion of normal saline, or a brady-
kinin B2 receptor agonist. The four bradykinin B2 receptor
agonists, ranging from least to most metabolically stable
were BK, Lys-BK, Met-Lys-BK, and labradimil. The addi-
tions of lysine and methionine to the amino terminus of
Lys-BK (a decapeptide) and Met-Lys-BK (a hendecapep-
tide) respectively, confers resistance to degradation by
blood aminopeptidases, compared to BK, which is an
unmodified nonapeptide[11,51,52]. Labradimil is a non-
apeptide like BK, but with unnatural amino acid substitu-
tions at positions 3, 5, and 8, with a reduced peptide bond
between positions 7 and 8. These modifications decrease
the labradimil's rate of degradation by blood carbox-
ypeptidases and angiotensin converting enzyme, and as a
consequence, increase the peptide's blood half-life signif-

icantly compared to bradykinin, but this has been difficult
to quantify[20,53]. However, these modifications also
decrease its biological activity at the bradykinin B2 recep-
tor compared to bradykinin[20,53].

Based on our measurements of the change in systemic
mean arterial blood pressure (MABP) during the infusion
of the respective bradykinin B2 receptor agonists, we show
here that there is a clear association between the magni-
tude of decrease in MABP and metabolic stability of the
respective bradykinin B2 receptor agonist, with
labradimil's effect on reduction in MABP being more pro-
found and persistent than that of the other bradykinin B2
receptor agonists. Since tumor microvasculature is known
to lack autoregulatory capacity to maintain adequate
blood flow when there is a significant decrease in
MABP[54,55], with the fall in MABP we observed during
the infusion of labradimil, there would likely be a reduc-
tion in blood flow to glioma tumor tissue. This has been
shown to occur in rodent peripheral solid tumors during
the intravenous infusion of labradimil[17].

After modeling the 2nd Gd-DTPA bolus concentration
curve data and calculating the percent change in baseline
tumor tissue vascular parameters due to bradykinin B2
receptor agonist or NS infusion, we compared the percent
change of each bradykinin B2 receptor agonist group to
that of the NS group. The only vascular parameter to show
a statistically significant difference due to bradykinin B2
receptor agonist infusions was Ktrans. We found that there
was no statistically significant tumor volume effect on the

Gd concentration maps over time of larger anterior brain RG-2 gliomas and smaller posterior brain RG-2 gliomas within a rep-resentative rat of the Normal Saline, Met-Lys-BK, and Labradimil groupsFigure 8
Gd concentration maps over time of larger anterior brain RG-2 gliomas and smaller posterior brain RG-2 glio-
mas within a representative rat of the Normal Saline, Met-Lys-BK, and Labradimil groups. (A) Anterior brain gli-
omas: tumor volumes, 153 mm3 (NS), 127 mm3 (Met-Lys-BK), 102 mm3 (Labradimil); (B) Posterior brain gliomas: tumor 
volumes, 14 mm3 (NS), 51 mm3 (Met-Lys-BK), 35 mm3 (Labradimil). Note: Residual contrast in tissue prior to the 2nd Gd-DTPA 
bolus.
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percent change in Ktrans for either anterior brain or poste-
rior brain RG-2 gliomas. These findings suggest that
observed changes in Ktrans due the systemic infusion of
bradykinin B2 agonists may be independent of RG-2 gli-
oma tumor volume and location, and instead a reflection
of bradykinin B2 receptor agonist-mediated systemic
hemodynamic changes on local transvascular flow rate
across the BBTB, irrespective of brain tumor volume and
location.

The statistically significant increase in Ktrans of the BBTB of
anterior RG-2 gliomas that we observed with intravenous
Met-Lys-BK infusion would be attributable to the combi-
nation of: (1) a higher affinity than labradimil for the
bradykinin B2 receptors over-expressed on tumor microv-
asculature and thereby, greater ability to vasodilate tumor
microvasculature and increase the permeability of the
BBTB; and (2) the lesser metabolic stability than
labradimil resulting in a less significant fall in MABP than
that caused by labradimil infusion. Even though this is the
first study to investigate changes in the transvascular flow
rate across the BBTB with Met-Lys-BK, it has been shown
in rabbit and guinea pig intradermal injection prepara-
tions that Met-Lys-BK is at least as potent as bradykinin in
enhancing vascular permeability, and in some cases was
shown to be more potent[52]. Furthermore, Met-Lys-BK is
more resistant to inactivation by human, dog, and guinea
pig plasma kininases compared to bradykinin[52]. In the
context of the less significant fall in MABP produced by
the infusion of Met-Lys-BK, as compared to labradimil,
the Ktrans of the BBTB would be expected to increase with
the intravenous infusion of Met-Lys-BK. In general, with
regards to the posterior brain RG-2 gliomas of the study
tumor population, our inability to show statistical signif-
icance, if it existed, could be attributable to our limited
image spatial resolution[56,57] for tumor volumes less
than 25 mm3, which was the size range of more posterior
brain tumors compared to anterior brain tumors (Addi-
tional file 3).

The statistically significant decrease in the Ktrans of the
BBTB of both anterior and posterior gliomas with
labradimil infusion that we observed would be attributa-
ble to the combination of: (1) the greater metabolic stabil-
ity than Met-Lys-BK that resulted in a more significant fall
in MABP as compared to that caused by Met-Lys-BK infu-
sion, and (2) a lower affinity than Met-Lys-BK for the
bradykinin B2 receptors over-expressed on tumor microv-
asculature. The dramatic and prolonged fall in MABP
caused by labradimil infusion is expected to reduce blood
flow to glioma tumor tissue, since tumor microvascula-
ture lacks the autoregulatory capacity to maintain ade-
quate blood flow when there is a significant decrease in
MABP[54,58], as has been shown in rodent peripheral

solid tumors[17]. In addition, in a blood flow-limited
state, a decrease in Ktrans modeled based the pharmacoki-
netics of a small MRI contrast agent, such as Gd-DTPA,
would signify a decrease in tumor blood flow than a
decrease in transvascular flow rate across the BBTB[59].
Therefore, the decrease in Ktrans of the BBTB in both ante-
rior and posterior brain RG-gliomas with labradimil infu-
sion is most likely due to the reduction in blood flow to
brain tumor tissue resulting from the fall in MABP caused
by the peptide's infusion. Furthermore, since the affinity
of labradimil for the bradykinin B2 receptor is lower than
that for bradykinin[20,26], we would expect that
labradimil would be less potent at increasing the leakiness
of the BBTB, and therefore, increases in the transvascular
flow rate across the BBTB mediated by labradimil would
be overshadowed by the reduction in tumor blood flow.

Although there was an increase in tissue half life of Gd-
DTPA in both brain tumor and skeletal muscle, there were
clear differences in the pharmacokinetic behavior of Gd-
DTPA within these tissues. In the case of brain tumor tis-
sue, the overall shape of the Gd-DTPA concentration
curve profiles was consistent with the transvascular
extravasation of Gd-DTPA into the extravascular tumor
tissue space (Figure 5A through 5E, and Additional file 1).
In contrast, in skeletal muscle tissue, the shape of the Gd-
DTPA concentration curve profiles always mirrored the
respective blood Gd-DTPA concentration curve profile
consistent with the retention of Gd-DTPA within skeletal
muscle microvasculature, and insignificant extravasation
into the extravascular skeletal muscle tissue space (Figure
6A through 6E, and Additional file 2). These findings are
consistent with the fact that brain tumor tissue microvas-
culature is porous[49], while skeletal muscle tissue micro-
vasculature is continuous[29,30]. Therefore, the
selectivity of drug accumulation into the extravascular tis-
sue space is governed by the inherent porosity of tissue
microvasculature.

When we compared the 1st and 2nd Gd-DTPA concentra-
tion curve profiles from blood, brain tumor, and skeletal
muscle, it became apparent that the extent of the increase
in the half-life of Gd-DTPA within blood, brain tumor,
and skeletal muscle correlated with the known metabolic
stabilities of the respective bradykinin B2 receptor ago-
nists. Met-Lys-BK and labradimil, were most effective in
increasing the half-life of Gd-DTPA, and of the two,
labradimil's effect was more significant.

To quantify the effect of the increase in blood half-life of
Gd-DTPA on the accumulation of Gd-DTPA in the brain
tumor tissue extravascular space, we calculated the percent
change in the Gd-DTPA AUC between the 1st and 2nd Gd-
DTPA concentration curve profiles of RG-2 glioma brain
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tumor tissue. When we compared the percent change in
Gd-DTPA AUC of each bradykinin B2 receptor agonist
group to that of the NS group, we found that there was a
statistically significant tumor volume effect on the percent
change in Gd-DTPA AUC in anterior brain tumors, but
not in the case of posterior brain RG-2 gliomas, which
were smaller and had a narrower range of tumor volume
distributions than the anterior brain RG-2 gliomas in the
study (Additional file 1). In the case of anterior brain RG-
2 gliomas, our findings suggest that observed increases in
Gd-DTPA AUC due to the systemic infusion of bradykinin
B2 agonists are dependent on RG-2 glioma tumor volume
and therefore, the transvascular accumulation of Gd-
DTPA increases with increasing tumor volume. For ante-
rior brain RG-2 gliomas, there was a statistically signifi-
cant increase in the Gd-DTPA AUC with the intravenous
infusions of Met-Lys-BK and labradimil. Similar trends
were noted in the case of the smaller posterior brain RG-2
gliomas although not statistically significant. Being meta-
bolically stable bradykinin B2 receptor agonists, Met-Lys-
BK and labradimil increased the blood half-life of Gd-
DTPA for sufficiently long to significantly increase the
transvascular accumulation of Gd-DTPA into the extravas-
cular brain tumor space. In the case of labradimil, our
findings with Gd-DTPA are consistent with those previ-
ously reported with carboplatin, as it has been shown that
labradimil produces greater increases in the transvascular
accumulation of radioactive carboplatin across the BBTB
of larger more mature RG-2 glioma brain tumor colonies
than across the BBTB of smaller emerging tumor colonies
[33].

On analysis of the percent change in skeletal muscle tissue
Gd-DTPA AUC, we found there to be significant increases
in Gd-DTPA AUC with only Met-Lys-BK and labradimil
infusions. Even as such, all bradykinin B2 receptor agonist
infusions, including those of BK and Lys-BK, increased the
peak Gd-DTPA concentration within skeletal muscle
microvasculature, consistent with an increase in blood
flow to skeletal muscle due to the vasodilatation of skele-
tal muscle microvasculature. This would indicate the pres-
ence of a "steal effect" due to the shunting of blood flow
away from tumor tissue and into skeletal muscle tissue as
has been shown in the case of hydralazine[60]. The most
important difference between brain tumor and skeletal
muscle tissues, in the context of the observed increases in
Gd-DTPA AUC of the respective tissues with Met-Lys-BK
and labradimil infusions, was that Gd-DTPA remained
predominantly intravascular in skeletal muscle tissue due
to the continuous nature of skeletal muscle microvascula-
ture.

Based on our dynamic-contrast enhanced MRI-based find-
ings, it is evident that there is an association between the

metabolic stability of a bradykinin B2 receptor agonist,
the resultant fall in blood pressure during intravenous
infusion, and the increase in blood half-life of the co-
infused agent, in this Gd-DTPA, a small MRI contrast
agent. Here we did not characterize the dose-response
relationship for Met-Lys-BK and labradimil, however, in
future studies it will be important to do so, to define the
systemic parameters necessary for the maximal enhance-
ment in the transvascular delivery of small therapeutics
with co-infused metabolically stable bradykinin B2 ago-
nists. The primary mechanism by which metabolically sta-
ble bradykinin B2 agonists increase the transvascular
delivery of Gd-DTPA across the BBTB of RG-2 gliomas is
by increasing the blood half-life of the agent. We were
able to establish that the observed increase in the blood
half-life of Gd-DTPA results in the increase in transvascu-
lar delivery of Gd-DTPA into RG-2 glioma tumor tissue.

We have shown here that metabolically stable bradykinin
B2 receptor agonists directly enhance the transvascular
delivery of Gd-DTPA by increasing the blood half-life of
co-infused small therapeutics. Furthermore, we speculate
that metabolically stable bradykinin B2 receptor agonists
may increase the blood half-life of co-infused compounds
by temporarily decreasing the renal filtration fraction[61],
as a result of efferent arteriole vasodilatation[62]. It is also
possible that hydralazine, another systemic vasodilator,
acts in an analogous manner to increase the effectiveness
of co-infused chemotherapy drugs[63,64].

Conclusion
We found that metabolically stable bradykinin B2 recep-
tor agonists increase the transvascular delivery of small
therapeutic and imaging agents across the BBTB of malig-
nant glioma tissue by increasing the blood half-life of the
co-infused agent. The selective increase in transvascular
delivery across the BBTB of malignant glioma tumor tis-
sue, but not across the continuous microvasculature of
normal brain tissue or skeletal muscle tissue, is due to the
inherent porous nature of the BBTB of malignant glioma
microvasculature.
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