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Abstract: The blood-brain barrier (BBB) is usually impermeable to several drugs, which hampers treatment of vari-
ous brain-related diseases/disorders. There have been several approaches to open the BBB, including intracarotid 
infusion of hyperosmotic concentrations of arabinose, mannitol, oleic or linoleic acids, or alkylglycerols, intravenous 
infusion of bradykinin B2, administration of a fragment of the ZO toxin from vibrio cholera, targeting specific com-
ponents of the tight junctions (e.g. claudin-5) with siRNA or novel peptidomimetic drugs, or the use of ultrasound 
with microbubbles. We propose the use of a low molecular weight (MW), nitrone-type compound, OKN-007, which 
can temporarily open up the BBB for 1-2 hours. Gadolinium (Gd)-based compounds assessed ranged in MW from 
546 (Gd-DTPA) to 465 kDa (β-galactosidase-Gd-DOTA). We also included an albumin-based CA (albumin-Gd-DTPA-
biotin) for assessment, as well as an antibody (Ab) against a neuron-specific biomarker conjugated to Gd-DOTA 
(anti-EphB2-Gd-DOTA). For the anti-EphB2 (goat Ab)-Gd-DOTA assessment, we utilized an anti-goat Ab conjugated 
with horse radish peroxidase (HRP) for confirmation of the presence of the anti-EphB2-Gd-DOTA probe. In addition, 
a Cy5 labeled anti-EphB2 Ab was co-administered with the anti-EphB2-Gd-DOTA probe, and assessed ex vivo. This 
study demonstrates that OKN-007 may be able to temporarily open up the BBB to augment the delivery of various 
compounds ranging in MW from as small as ~550 to as large as ~470 kDa. This compound is an investigational 
new drug for glioblastoma (GBM) therapy in clinical trials. The translational capability for human use to augment the 
delivery of non-BBB-permeable drugs is extremely high.
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Introduction

The blood-brain barrier (BBB) is a boundary of 
the brain microvasculature, consisting predom-
inantly of endothelial cells (ECs), astrocyte end-
feet, and pericytes [1, 2]. Tight junctions bet- 
ween the cerebral ECs form a diffusion barrier 
that prevents blood-borne components from 
entering the brain [1, 2]. Astrocytic end-feet 
firmly encircle the vessel wall, and are thought 
to play a key role in maintaining the tight junc-
tion barrier [1, 2]. Pericytes are cells of 
microvessels, which incorporate capillaries, 
venules, and arterioles, that surround the ECs 
[3]. These components divide the peripheral 

circulation from contact with the central ner-
vous system (CNS). This boundary is made up of 
numerous parallel barriers that consist of the 
capillary bed of the CNS and choroid plexus [4]. 
The BBB also controls the crossing of some sol-
utes into different compartments [5]. The cho-
roid plexus structures the blood-cerebrospinal 
fluid barrier, and along with other barriers, 
including the blood-retinal barrier, these create 
both barrier and permeability elements that 
add to the total BBB [6]. Solute transfer from 
blood-to-brain or brain-to-blood arises via only 
a few processes, allowing small molecules, 
such as electrolytes, to large immune cells to 
cross [4, 5].
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Under physiological conditions, the BBB is 
somewhat impermeable [1, 2]. However, in 
pathologic conditions, there are a number of 
chemical mediators that can be released to 
increase BBB permeability [7]. Examples of 
these mediators consist of glutamate, taurine, 
aspartate, NO (nitric oxide), ATP, tumor necrosis 
factor-α (TNF-α), endothelin-1, IL-β, and MIP-2, 
which are produced by astrocytes [7]. Other 
mediators that have been reported to increa- 
se BBB permeability include bradykinin, hista-
mine, thrombin, 5HT, UTP, UMP, platelet-activat-
ing factor, substance P, quinolinic acid, and free 
radicals [7]. Furthermore, the expression of 
tight junction proteins and/or localization of 
individual principal proteins can be altered in 
response to pathophysiological stressors [8].

In this study, we report on the use of the nitrone 
compound, OKN-007 (OKlahoma Nitrone 007; 
also known as 2,4-disulfonyl-phenyl-N-tert-
butyl nitrone), to temporarily open up the BBB 
in normal mouse brain. BBB permeability was 
measured using contrast-enhanced magnetic 
resonance imaging (CE-MRI) and molecular-
targeted MRI (mtMRI). Compounds as small as 
Gd-DTPA (gadolinium diethylenetriaminepenta-
cetate) and as large as Gd-DOTA (gadolinium 
1,4,7,10-tetraazacyclododecane-N,N’,N’’,N’’’-
tetraacetate)-labeled β-galactosidase were as- 
sessed in vivo. Other compounds assessed in 
vivo and ex vivo included an antibody against 
the neuron-specific marker, EphB2, attached  
to either Gd-DOTA or a fluorescent label, and 
Gd-DTPA-albumin-biotin. This approach could 
augment the delivery of drugs to the brain that 
usually are unable to cross an impermeable 
BBB or result in low concentrations in the brain 
due to hindrance by the BBB.

Methods

Ethics statement

Animal experiments were performed with the 
approval and strict adherence to the policies of 
the Oklahoma Medical Research Foundation 
Institutional Animal Care and Use Committee, 
which specifically approved this study, with 
adherence to the National Institutes of Health 
Guide for the Care and Use of Laboratory 
Animals. All efforts were made to minimize 
suffering.

Animals

Rats (Sprague-Dawley; 8-10 weeks old; male; n 
= 5) and mice (C57BL/6J; 8-10 weeks old; 
male; n = 47) were either treated with saline as 
controls or OKN-007 (i.v. via a tail-vein; 18 mg/
kg body weight for rats, or 125 mg/kg body 
weight for mice).

Gd-based contrast agents and molecular-
targeted probes

The contrast agent, biotin-albumin-Gd-DTPA, 
was synthesized as previously described by our 
group [9, 10], based on the modification of the 
method developed by Dafni et al. [11]. The 
approximate molecular weight for the biotin-
albumin-Gd-DTPA moiety is ~80 kDa. It is 
approximated that there are 1.3 biotin and 23 
Gd-DTPA groups bound to each albumin mole-
cule [11]. Anti-EphB2 mAb (Cell Signaling 
Technology, Inc., MA, USA) was conjugated to 
Gd-DOTA based on a protocol outlined by Chen 
et al. [12]. Each mouse was injected with 20 μl 
anti-EphB2-Gd-DOTA (EphB2 probe) intrave-
nously (i.v.) via the tail vein with an amount esti-
mated to be 20 μg (1 mg/kg) anti-EphB2. The 
estimated molecular weight of the EphB2 probe 
is 150 kDa [10]. β-Galactosidase-Gd-DOTA was 
synthesized in a similar process to that of the 
EphB2 probe.

MRI experiments

MRI experimentations were done on a Bruker 
Biospec 7.0 Tesla/30 cm horizontal-bore imag-
ing system. Multiple brain 1H-MR image slices 
were taken using a RARE multi-slice (repetition 
time (TR) 1.3 s, echo time (TE) 9 ms, 256×256 
matrix, 4 steps per acquisition, 4×4 cm2 (rats) 
or 3×3 cm2 (mice) field-of-view (FOV), 1.0-mm 
slice thickness) imaging sequence.

For contrast-enhanced MRI (CE-MRI), multi-
slice spin echo T1-weighted images (TR = 
1000.0 ms, TE = 14 ms, FOV = 4×4 cm2 (rats) 
or 3×3 cm2 (mice), averages = 2, slices = 16, 
matrix size = 256×256) were also executed and 
acquired before and 10, 20, and 30 min follow-
ing intravenous contrast agent injection (Gd- 
DTPA, Magnevist, Bayer Inc., Wayne, NY, USA; 
0.4 mmol/kg) [13]. Whole brain evaluations in 
multiple regions-of-interest (ROIs) (10-15) were 
made regarding MRI signal intensity measure-
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ments. For larger Gd-based contrast agents 
and the EphB2 probe, a variable-TR RARE 
sequence (rapid acquisition with refocused 
echoes, with multiple TRs of 200, 400, 800, 
1200 and 1600 ms, TE of 15 ms, FOV of 3×3 
cm2, matrix size of 256×256 and a spatial re- 
solution of 0.137 mm) was used to obtain 
T1-weighted images before and after adminis-
tration of probe or contrast agents. The chang-
es in signal intensities were calculated from 
regions of interest (ROIs) (n = 5) obtained from 
T1-weighted images. Pixel-by-pixel T1 relaxation 
maps were reconstructed from a series of 
T1-weighted images using a nonlinear two-pa- 
rameter fitting procedure. Regional T1 values 
were obtained from ROIs (n = 5). ROI averages 
(SI or T1 values) were then obtained for each 
animal, and means ± standard deviations (SD) 
were obtained for each treatment group. Su- 
rrounding muscle SI or T1 values (n = 5) were 
used for normalization for each animal assess-
ment. All ROIs were obtained using Paravision 
software (ver. 6.0.1).

Fluorescence staining

The mouse brains were extracted after the 90 
min. MRI scan, and fixed in 4% paraformalde-
hyde over night at 4°C. The tissue was then 
washed with PBS and incubated with 15% 
sucrose before embedding in an Optimal Cutt- 
ing Temperature (O.C.T.) compound and freez-
ing in liquid nitrogen. For the EphB2 compo-
nent, mice treated either with saline or OKN-
007 were administered an anti-EphB2 antibody 
(0.5 mg/kg) labeled with Cy5. Tissues were 
embedded in cryo-gel, and 35 µm cryostat sec-
tions were collected unto glass slides and im- 
muno-fluorescently stained. The nucleus was 
stained with DAPI (blue). Stained tissue slices 
were examined with a Nikon C1 confocal laser 
scanning microscope (Nikon Instruments, USA). 
Image collection parameters (neutral density 
filters, pinhole, and detector gains) were kept 
constant during image acquisition, to make reli-
able comparisons between specimens. For the 
albumin-Gd-DTPA-biotin component, the brains 
were divided into hemispheres and subse-
quently fixed in 4% paraformaldehyde, tissues 
were also embedded in cryo-gel, and 35 µm 
cryostat sections were collected unto glass 
slides for subsequent immuno-fluorescence 
staining. Primary staining was done with anti-
Endomucin (rat monoclonal, Millipore; 1:75), 

visualized using secondary Alexa Fluor 568 
(anti rat, Invitrogen, 1:500). The albumin-Gd-
DTPA-biotin contrast agent was visualized with 
FITC conjugated Avidin (Biolegend, 1:100) add- 
ed as a secondary antibody, where the Avidin 
targeted the biotin moeity. DAPI was added at  
a concentration of 0.5 µg/ml for 5 minutes. 
Sections were cover slipped with Prolong Gold 
Antifade (Invitrogen). Images were acquired 
with the SP8 confocal LEICA microscope and 
analyzed with IMAGEJ software (NIH).

Histology and immunohistochemistry (IHC)

Brain tissues were obtained and fixed in 10% 
neutral buffered formalin, embedded in paraf-
fin, and sectioned in 5 μm sections for routine 
staining. Sections were deparaffinized, rehy-
drated and washed in Tris Buffered Saline 
(TBS). Antigen retrieval (pH 6 Citrate buffer, 
Vector Labs, Burlingame, CA) was achieved via 
twenty minutes in a steamer, followed by thirty 
minutes cooling at room temperature. Sections 
were treated with a peroxidase blocking reagent 
(Bloxall, Vector Labs, Burlingame, CA) to inhibit 
endogenous peroxidase activity, followed by 
2.5% normal horse serum (Vector Labs, Bur- 
lingame, CA) to inhibit nonspecific binding. 
Suitable washes were in TBS. Tissue sections 
were incubated in humidified chambers with 
the Goat Probe or diluent for 3 hours at room 
temperature followed by TBS washes. The 
Goat-on-Rodent HRP polymer (Goat Polymer kit 
to detect the EphB2 goat antibody) (GHPS-H; 
Biocare Medical, Pacheco, CA) was applied to 
each section for 15 minutes followed by TBS 
washes. Slides were incubated with Nova- 
Red®Red (Vector Labs, Burlingame, CA) chro-
mogen for visualization. Counterstaining was 
carried out with Hematoxylin QS Nuclear Co- 
unterstain (Vector Labs, Burlingame, CA).

Statistical analysis

Statistical analyses were performed by using  
a Student’s two-tailed, unpaired t-test for com-
parison of MR signal intensity increase per-
centages or differences in T1 relaxation chang-
es between saline- or OKN-007-treated mice 
administered Gd-based contrast agents or pro- 
bes. For the Gd-DTPA time-course study, statis-
tical analyses were done using both a two- 
way ANOVA and individual time-point Student’s 
t-test (unpaired) for comparison of % differenc-
es in MRI SI. Data were represented as mean ± 
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S.D. and P-values <0.05 (*), <0.01 (**), 
<0.0001 (***) were considered statistically 
significant. All data were used with no experi-
mental failures.

Results

Figure 1 illustrates the structure (Figure 1A) of 
OKN-007, and its’ ability to be quickly cleared 
from the blood over a period of less than an 
hour (Figure 1B), as well as its’ ability to be 
taken up into normal rodent brain (Figure 1C) 
through the BBB for a transitory period of 2-3 
hours (Figure 1D). OKN-007 is a disulfonyl 

derivative of the parent nitrone, phenyl-N-tert-
butyl nitrone or PBN (Figure 1A). Pharma- 
cokinetics assessment of OKN-007, adminis-
tered i.v., in normal rat blood has establish- 
ed that the elimination rate constant, Kel, is 
0.00364 min-1 with a mean resident time (MRT) 
of 1,058 min (17.6 hours). However, as can be 
seen in Figure 1B, the majority of OKN-007 is 
cleared from the blood in less than 4 hours. We 
have detected OKN-007 in normal rat brain tis-
sue lysates one hour following i.v. administra-
tion of OKN-007, as detected by HPLC (Figure 
1C). With the use of the MRI contrast agent, 

Figure 1. A. Chemical structure of OKN-007. B. Plasma concentration of OKN-007 from rat blood following admin-
istration of 18 mg OKN-007/kg body weight (i.v. via a tail-vein catheter), over a period of 1440 min (24 hours) (n = 
5). C. HPLC chromatogram of OKN-007 from a rat brain lysate. D. Percent (%) difference in MRI signal intensities 
(SI) (post-Gd-DTPA contrast minus pre-contrast) in mouse brains (n = 5/group) administered OKN-007 (125 mg/
kg) via i.v. administration (tail-vein catheter), compared to saline controls. A two-way ANOVA indicated a significant 
difference (***P<0.001) between the two treatment groups. Student t-tests at 1, 2 and 3 hours indicated that OKN-
007-treated mouse brains were significantly higher (*P<0.05 for both 1 and 3 hours, and ***P<0.001 for 2 hours), 
compared to controls.
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Gd-DTPA, which does not cross the BBB, an 
increase in MRI signal intensity (SI) was ob- 
served over a period of 1-3 hours in mouse 
brains given OKN-007 via i.v. administration 
prior to Gd-DTPA, compared to saline controls 
where saline was administered 1 hour prior to 
the contrast agent (Figure 1D). There was a  
statistical increase in percent MRI signal inten-
sity (SI) for the OKN-007-treated group com-
pared to controls (P<0.001, two-way ANOVA;  
or P<0.05 for 1 and 3 hours or P<0.001 2  
hours post OKN-007 administration, individual 
Student’s t-test).

Figure 2 depicts the increase in MRI signal 
intensity in a representative mouse brain ad- 

Gd-based contrast agents, was found to be sig-
nificantly increased in % difference in MRI SI for 
OKN-007-treated mouse brains administered 
the Gd-DOTA-β-galactosidase (Gd-DTPA-B-Gal), 
compared to saline controls (P<0.0001) (Figure 
3C). T1 relaxation, which decreases in the pres-
ence of Gd-based contrast agents, was found 
to have a significant increase in % decrease in 
T1 in OKN-007-treated mouse brains adminis-
tered the Gd-DOTA-β-galactosidase (Gd-DTPA-
B-Gal), compared to saline controls (P<0.001) 
(Figure 3D).

Figure 4 shows that an antibody (150 kDa) 
against the neuron-specific biomarker, Eph- 
B2, which is labelled with Gd-DOTA, has an 

Figure 2. Representative mouse brain difference images (post-contrast mi-
nus pre-contrast), overlaid on top of morphological images, indicating an 
increase in MRI signal intensities in a mouse brain administered OKN-007 
(A), compared to a control mouse brain administered saline (B), both 1 hour 
prior to Gd-DTPA. (C) Percent (%) differences in MRI SI between post-con-
trast and pre-contrast, Gd-DTPA contrast-enhanced MRI (CE-MRI) in OKN-
007 (n = 5) and saline-treated (i.v. administration) (n = 5) mouse brains, 
one hour post-contrast. There was a significant increase in the % difference 
in MRI SI for OKN-007-treated mouse brains, compared to saline controls 
(P<0.001).

ministered OKN-007 (Figure 
2A), compared to a control 
mouse brain administered sa- 
line (Figure 2B). The percent 
(%) difference in MRI SI bet- 
ween post-contrast and pre-
contrast, Gd-DTPA contrast-en- 
hanced MRI (CE-MRI) in OKN-
007 and saline-treated (i.v. 
administration) mouse brains, 
one hour post-contrast, is sh- 
own in Figure 2C. There was a 
significant increase in the % 
difference in MRI SI for OKN-
007-treated mouse brains, co- 
mpared to saline controls (P< 
0.001). Due to the small MW 
and rapid clearance rate of 
Gd-DTPA, only MRI SI values 
were obtained. For larger MW 
GD-based contrast agents with 
longer clearance rates, both 
MRI SI and T1 values were 
obtained.

Figure 3 demonstrates that a 
large molecule, such as Gd- 
DOTA-labelled β-galactosidase 
(MW 465 kDa), is able to cross 
the BBB when administered 
one hour post-OKN-007 treat-
ment, as detected by an in- 
crease in MRI signal intensity 
from the Gd-based contrast 
agent after OKN-007 (Figure 
3A), compared to a saline con-
trol also administered the Gd- 
DOTA-labelled β-galactosidase 
(Figure 3B). MRI SI, which is 
increased in the presence of 
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Figure 3. Gd-DOTA-labelled β-galactosidase (MW 465 kDa), is able to 
cross the BBB. Gd-DOTA-β-galactosidase was administered one hour post-
OKN-007 treatment, and an increase in MRI signal intensity from the Gd-
based contrast agent after administration of OKN-007 (1 hour prior) (A) was 
detected, compared to a saline control (1 hour prior) also administered the 
Gd-DOTA-labelled β-galactosidase (B). (C) Percent difference in MRI SI was 
found to be significantly increased in OKN-007-treated mouse brains ad-
ministered the Gd-DOTA-β-galactosidase (Gd-DTPA-B-Gal) (n = 6), compared 
to saline controls (n = 6) (P<0.0001). (D) The percent (%) decrease in T1 re-
laxation was found to be significantly increased in OKN-007-treated mouse 
brains administered the Gd-DOTA-β-galactosidase (Gd-DTPA-B-Gal) (n = 6), 
compared to saline controls (n = 6) (P<0.001).

increased MRI SI in the OKN-007-treated mo- 
use brain (Figure 4A), compared to a saline 
control (Figure 4B). The Gd-DOTA-labelled anti-
body against Eph-B2, significantly increased 
the % difference in MRI SI (Figure 4C; P< 
0.001) and % decrease in T1 relaxation (Figure 
4D; P<0.01) for OKN-007-treated mouse br- 
ains, compared to saline controls. A fluores-
cent-labelled antibody against Eph-B2 was 
found to be elevated in an OKN-007-treated 
mouse brain (Figure 4E), compared to a saline 
control (Figure 4F). An anti-goat antibody la- 
belled with horse radish peroxidase (HRP) was 
found to be increased in the OKN-007-treated 
mouse brain administered the Gd-DOTA-labeled 
goat antibody against Eph-B2 (Figure 4Gi and 
4Gii, compared to a saline control (Figure 4H).

Figure 5 demonstrates that 
the MRI signal intensity (SI) in 
a mouse brain administered 
Gd-DTPA-albumin-biotin, one 
hour following OKN-007-treat- 
ment is increased (Figure 5A), 
compared to a saline control 
(Figure 5B). There was a sig-
nificant increase in the %  
difference in MRI SI for the 
OKN-007-treated mouse bra- 
ins, compared to saline con-
trols (P<0.001), both adminis-
tered the Gd-DTPA-albumin-
biotin contrast agent (Figure 
5C). Confirmation of the pres-
ence of the Gd-DTPA-albumin-
biotin contrast agent was de- 
termined by tagging the biotin 
in ex vivo mouse brain tissues 
with FITC-labelled avidin (Figu- 
re 5E). Endomucin was also 
used to delineate cerebral vas-
culature, and a merged image 
shows the presence of the avi-
din-FITC with cell nuclei (DAPI) 
and vasculature in the cerebral 
cortex. Quantitative assess-
ment of the number of avidin 
specks detected are shown in 
Figure 5D, where there was a 
significant increase (P<0.05)  
in the OKN-007-treated mouse 
brains, compared to saline 
controls.

Discussion

What is currently known about the BBB is that  
it consists of: (1) tight junctions, which consist 
of membrane proteins, occludin, claudins, junc-
tion adhesion molecules, and cytoplasmic ac- 
cessory proteins (e.g. such as zonula occludens 
(ZO) 1-3, and cingulin); and (2) adherens junc-
tions, made up of the membrane protein cad-
herin, which connects the actin cytoskeleton 
via intermediary proteins such as catenins, that 
forms adhesive contacts between cells [7]. 
Claudins attach homotypically to claudins on 
neighboring ECs that effect the formation of a 
primary seal of the tight junction, and the car-
boxy terminal of claudins attaches to cyto- 
plasmic proteins that consist of ZO 1-3 [14]. 
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Figure 4. An antibody (150 kDa) against the neuron-specific biomarker, EphB2, which is labelled with Gd-DOTA, 
has an increased MRI SI in an OKN-007-treated mouse brain (A), compared to a saline control (B). (C) The percent 
(%) difference in MRI SI was found to be significantly increased for the Gd-DOTA-labelled antibody against EphB2, 
in OKN-007-treated mouse brains (P<0.001), compared to saline controls. (D) The percent (%) decrease in T1 re-
laxation was found to be significantly increased for OKN-007-treated mouse brains (P<0.01) (n = 5), compared to 
saline controls (n = 5). A fluorescent-labelled (Cy5) antibody against Eph-B2, co-administered in vivo with the anti-
EphB2-Gd-DOTA, was found to be elevated in an OKN-007-treated mouse brain, particularly the corpus callusum 
region (highlighted in panel A) (E), compared to a saline control (highlighted in panel B) (F). An anti-goat antibody 
labelled with horse radish peroxidase (HRP) was found to be increased in the OKN-007-treated mouse brain admin-
istered the Gd-DOTA-labeled goat antibody against Eph-B2 (Gi and Gii), compared to a saline control (H).

Occludin is additionally a regulatory protein 
that can modify paracellular permeability [15]. 
Junctional adhesion molecules are associated 
with the immunoglobulin superfamily, and are 
implicated in cell-to-cell adhesion and mono-
cyte transmigration through the BBB [16]. The 
cytoplasmic accessory proteins, which includes 
ZO-1 and ZO-2 attach to actin cross-linking 
transmembrane elements and provide struc-
tural support for the ECs [17].

The foremost categories of mechanisms that 
allow transfer between the blood and CNS have 
also been recognized, which consist of: (1) tr- 
ansmembrane diffusion, which depends on the 
physiochemical properties of a compound in its 
capacity to cross cell membranes (e.g. lipid 
solubility, molecular weight, molecular charge); 
(2) saturable transport, which comprises faci- 
litated diffusion, receptor-mediated transcyto-
sis, and energy-requiring pore-dependent tr- 
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Figure 5. Albumin-Gd-DTPA-biotin (MW 80 kDa), is able to cross the BBB. Albumin-Gd-DTPA-biotin was adminis-
tered one hour post-OKN-007 treatment, and an increase in MRI signal intensity from the Gd-based contrast agent 
after administration of OKN-007 (A) was detected, compared to a saline control also administered albumin-Gd-
DTPA-biotin (B). (C) The percent (%) difference in MRI signal intensity (SI) was found to be significantly increased 
in OKN-007-treated mouse brains administered the albumin-Gd-DTPA-biotin contrast agent (n = 6), compared to 
saline controls (n = 6) (***P<0.001). Confirmation of the presence of the albumin-Gd-DTPA-biotin contrast agent 
was obtained ex vivo by tagging the biotin moiety with avidin-FITC. (D) Number of avidin specks counted in the 
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ansport; (3) facilitated diffusion, which is a non-
energy supported mechanism transferring a 
ligand from a high concentration side to a lower 
concentration compartment; (4) receptor-medi-
ated transport, which is typically energy-depen-
dent, but not vesicular-dependent; (5) recep- 
tor-mediated transcytosis, which is a satura- 
ble, energy-dependent and vesicular-depen-
dent mechanism, transferring ligands either 
bidirectionally or unidirectionally; (6) adsorptive 
transcytosis, a vesicular-dependent transport 
depending on the binding between glycoprotein 
receptors and ligands; (7) fluid phase pinocyto-
sis, a kind of vesicular transfer that is not nec-
essarily ligand-specific, and is similarly synony-
mous with transcellular diffusion; (8) parace- 
llular diffusion, which involves diffusion bet- 
ween cells that form the BBB, frequently ca- 
used by tight junction dysregulation; (9) diape-
desis, which involves the process how immune 
cells cross the BBB; and (10) extracellular path-
ways, which account for residual or functional 
permeability of the BBB resulting from low con-
centrations of albumin in the cerebrospinal 
fluid (CSF) [4].

Our approach was to use a small, nitrone-based 
molecule, OKN-007, which we found to be 
effective in momentarily opening up the BBB, 
and permitting compounds ranging in molecu-
lar weight from ~550 (Gd-DTPA, a commonly 
used MRI contrast agent to assess in vivo BBB 
permeability in various neurological diseases) 
to ~470 kDa (the relatively large enzyme, 
β-galactosidase) to cross the BBB into mouse 
brain tissues. The temporary opening is more 
likely associated with the fairly rapid clearance 
profile for OKN-007, when administered i.v. 
(Figure 1). Gd-DTPA, which normally is unable 
to cross the BBB, was found to be increased in 
OKN-007 treated mouse brains, measured as 
an increase in MRI signal intensity (SI), over a 
period of 1-3 hours, reaching an optimum SI 
maximum at 2 hours. We also attempted to 
enhance the delivery of a large enzyme, 
β-galactosidase (MW 465 kDa), which we  
conjugated to Gd-DOTA. The OKN-007-treated 

mouse brains were found to significantly de- 
crease T1 relaxation, measured as a percent 
decrease in T1 relaxation, indicating the pres-
ence of the Gd-labeled contrast agent, com-
pared to saline controls. Next, we used an anti-
body against a neuronal-specific marker, Eph- 
B2, to confirm that an antibody-sized molecule 
can also cross the BBB when administered 1 
hour following OKN-007 treatment. There was 
both a significant increase in MRI SI and a sig-
nificant decrease in % change in T1 relaxation 
in the OKN-007-treated mouse brains, com-
pared to saline controls, both administered the 
anti-EphB2-Gd-DOTA molecular-targeted MRI 
probe. Verification of the presence of the anti-
EphB2 (goat-derived antibody) mtMRI probe 
was obtained ex vivo in mouse brains treated 
with OKN-007 using an anti-goat antibody ag- 
ainst EphB2. We also attached a fluorescence 
label to the anti-EphB2 antibody, which was 
also co-administered with the mtMRI anti-
EphB2-Gd-DOTA probe (used to obtain the in 
vivo data) (Figure 4). Lastly, we also used an 
albumin-Gd-DTPA-biotin contrast agent, and fo- 
und that the OKN-007-treated mouse brains 
had a significant increase in MRI SI, compared 
to saline controls. Confirmation of the albumin-
Gd-DTPA-biotin was also obtained by fluores-
cence staining of the biotin moiety with avidin 
(Figure 5), which demonstrated a significant 
increase in avidin specks for the OKN-007-
treated mouse brains, compared to saline con-
trols. Our rationale for choosing the 1 hour 
time-point to administer compounds following 
OKN-007 was based on selecting a time-point 
where there was an increasing signal intensity 
and/or change in T1 relaxation. This would pro-
vide time for a larger compound to reach the 
brain via i.v. administration, or provide time for 
a drug/compound to reach the brain via an oral 
administration route. One and a half to 2 hours 
may also be just as effective, but would need to 
be further investigated. The focus of the study 
was a proof-of-concept that pre-administration 
of OKN-007 could temporarily open the BBB  
to allow a range of molecules/compounds to 

OKN-007-treated mouse brains (n = 5) in various regions-of-interest (ROIs) throughout the brain were found to be 
significantly increased (*P<0.05), compared to saline control brains (n = 4). (E) Representative fluorescence images 
from the cerebral cortex regions of an OKN-007-treated mouse brain (bottom panel), compared to a saline control 
(top panel) are also shown. DAPI (blue) stains the nuclei. Endomucin (red) delineates the cerebral vasculature. 
Avidin-FITC (green) depicts the presence of the albumin-Gd-DTPA-biotin contrast agent in the brain parenchyma. A 
merged image is also presented. Dashed arrows point out the albumin-Gd-DTPA-biotin in the vascular lumen, and 
grey arrowheads point out the extravasated albumin-Gd-DTPA-biotin. Scale: 200 µm.
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cross the BBB into brain tissue. Although we 
generated some novel Gd-based compounds 
(e.g. anti-EphB2-Gd-DOTA, and Gd-DOTA-labell- 
ed β-galactosidase), the focus was not to char-
acterize their pharmacokinetics/pharmacody-
namics and mean residence time (MRT) fur-
ther, which could be done in future studies.

Other common approaches used to moderate 
BBB permeability in order to enhance drug 
delivery include: (1) intracarotid infusion of 
hyperosmotic concentrations of arabinose, ol- 
eic or linoleic acids, alkylglycerols, or mannitol; 
(2) intravenous infusion of bradykinin B2; (3) 
administration of the 12 kDa fragment obtain- 
ed from ZO toxin (ΔG) of vibrio cholera; (4) tar-
geting explicit components of the tight junc-
tions (such as claudin-5) with siRNA or novel 
peptidomimetic treatments; and (5) ultrasound 
with microbubbles using focused ultrasound 
(FUS) [8].

The advantage of using OKN-007 to temporari-
ly open the BBB is that this compound has 
been shown in two indications (stroke >3,000 
human patients (previous phase I-III stroke clin-
ical trials [18, 19]) and GBM (current phase II 
clinical trials)) to have no adverse effects, and 
has a beneficial human safety profile. The tim-
ing for pre-administration of OKN-007 is crucial 
as the window is quite narrow (due to a fairly 
rapid clearance), and subsequent drug delivery 
needs to be ideally coordinated. The short time-
frame is an advantage, as leaving the BBB open 
for too long could result in unwanted complica-
tions. A disadvantage, at this point, is that the 
mechanism-of-action (MOA) of how OKN-007 is 
temporarily opening up the BBB is currently 
unknown, and will need to be studied in future 
experiments. Upon establishing the MOA, the 
range of compounds that could be delivered 
post-OKN-007 administration may be further 
expanded.

OKN-007 is currently in combination therapy 
with temozolomide (TMZ) [20, 21], a chemo-
therapeutic agent for GBM, in multi-institution-
al phase 2 clinical trials, due to its effect on 
TMZ-resistant cancer cells, but also in part to 
the augmented delivery of more TMZ to diffuse 
GBM tissues that have an intact BBB.

Overall, for this study, the data provided shows 
that prior administration of OKN-007 (one hour 
beforehand) can temporarily open up the BBB 

and allow the delivery of various compounds 
with a large range of MW into normal mouse 
brain in different regions.

Conclusions

OKN-007 can readily be translated for human 
use as an agent that can momentarily open up 
the BBB and enhance the delivery of a wide-
range of compounds from as small as ~550 to 
as large as ~470 KDa in MW. As this compound 
is currently in clinical trials and has an advanta-
geous safety profile, the use of OKN-007 to 
augment the delivery of drugs through the BBB 
should be considered.
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