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Final Progress Report 

This Final Progress Report covers the period since the submission of the last competitive renewal, 
which was January, 2001.  The use of vertebrate animals in the past funding period was approved by 
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(1) Identification of BBB Radiopharmaceutical Export Systems 
(a) Import/Export Model 

A high signal/noise ratio in brain imaging occurs because there is selective export back to blood of 
the peptide radiopharmaceutical from brain outside the region of interest (ROI).  The principal 
molecular Trojan horse used for the delivery of peptide or antisense imaging agents to the brain is a 
receptor-specific MAb, such as an MAb to the TfR.  So as to determine the extent to which the 
TfRMAb effluxed from brain back to blood, the brain efflux index (BEI) method was used as 
described in Appendix 1.  The efflux from brain to blood of either [125I]-OX26 TfRMAb or [3H] mouse 
IgG2a isotype control was examined along with the rate of efflux of 70,000 Da [3H]-dextran.  
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Following intra-cerebral injection of the large molecular weight dextran, more than 99% of the injected 
radioactivity was retained in brain for the first 60 minutes, and the efflux t1/2 for the dextran was 16 ± 
7 hours.  In contrast, both the TfRMAb or the mouse IgG2a isotype control rapidly effluxed from brain 
with a half-time of 48 minutes.  The efflux was due to the transport of the intact IgG molecule, as 
metabolic studies showed there was no appreciable degradation of the IgG in brain during the efflux 
time period.  The efflux of either the TfRMAb or the mouse IgG isotype control was unaffected by 
high concentration of rat albumin or murine F(ab’)2 fragments, but the IgG efflux was completely 
supressed by Fc fragments (Appendix 1).  In addition, the efflux of either the TfRMAb or the 
mouse IgG isotype control was suppressed by the inclusion of high concentrations of unlabeled IgG 
(26).  The failure of rat albumin to inhibit IgG efflux from brain to blood is consistent with the early 
studies showing that high molecular weight dextrans and albumin exit the brain at identical rates, with 
a half-time of approximately 10-12 hours following intra-cerebral injection (27).  In contrast, studies in 
Appendix 1 show that 50% of IgG molecules have effluxed from brain to blood in just 48 minutes.  
The receptor-mediated transcytosis of IgG molecules across epithelial barriers in peripheral tissues is 
well documented, and is mediated by an Fc receptor (FcR).  The trancytosis of IgG molecules across 
the intestinal or placenta barrier by an FcR has been described (28), and the kinetic studies described in 
Appendix 1 provide evidence for FcR-mediated efflux of IgG molecules from brain to blood.  
However, the studies in Appendix 1 do not define the type of FcR isoform responsible for this 
transport.  Although there are several classes of FcR, one particular class is called the neonatal FcR, or 
FcRn (29).  The FcRn is the most likely candidate for a BBB IgG efflux system, as the FcRn is 
expressed on the endothelium in peripheral tissues, and mediates transcytosis of IgG molecules across 
epithelial barriers in peripheral tissues (30).  The presence of the FcRn on brain capillaries was 
demonstrated by confocal microscopy using the 1G3 mouse MAb against the heavy chain of rat FcRn 
heterodimers as described in Appendix 5.  Confocal microscopy has demonstrated expression of the 
FcRn widely in the cerebral microvascular endothelium throughout the brain.  The endothelial origin 
of the microvascular FcRn immunoreactivity was demonstrated by co-labeling with an endothelial 
marker, the GLUT1 glucose transporter, as shown in Appendix 5.  This work is the first demonstration 
of the expression of the FcRn in the central nervous system (CNS), as well as the brain microvascular 
endothelium.  In summary, there are at least 2 processes by which a TfR MAb may exit brain and 
return to blood, and these pathways are the BBB TfR and the BBB FcRn.  These BBB export pathways 
for the TfRMAb ensure that adequate signal/noise ratios can be achieved in brain imaging modalities 
using a TfRMAb to deliver a peptide or antisense radiopharmaceutical across the BBB into brain. 
 
(2) Imaging Brain Amyloid in Transgenic Mice with a Targeted Aβ1-40 Peptide 

Radiopharmaceutical 
The Aβ amyloid burden in Alzheimer’s disease (AD) correlates with dementia and memory deficit 

in humans (31), and AD transgenic mouse models (32).  Presently there is no pre-mortem diagnostic 
test that is specific for AD, although the deposition of Aβ amyloid is specific for Alzheimer’s.  The Aβ 
amyloid of AD is formed by a 43 amino acid peptide called Aβ1-43.  Carboxyl truncated forms that are 
40 amino acids in length, called Aβ1-40, are more soluble, and have been used to image Aβ amyloid in 
autopsy tissue sections of AD brain (33).  The amyloid forms by a nuclease-dependent polymerization 
mechanism (34).  That is, once small microscopic Aβ plaques form, any local free Aβ will deposit on 
the pre-existing plaque, enabling a time-dependent increase in the size of the plaque.  Owing to this 
property of high binding of Aβ1-40 to amyloid plaque of AD, the Aβ peptide could be used as a peptide 
radiopharmaceutical for quantifying the Aβ amyloid burden in brain of AD.  However, the Aβ1-40 
peptide is water-soluble and does not cross the BBB in the blood to brain direction in 
pharmacologically significant amounts (35).  The goal of the work described in Appendix 3 was to 
investigate whether the 8D3 TfRMAb BBB drug targeting system could deliver a [125I]- Aβ1-40 peptide 
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radiopharmaceutical across the BBB.  The model system for imaging brain amyloid was double 
transgenic mice that over-express in brain both the amyloid peptide precursor (APP) with the Swiss 
mutation, and presenilin (PS)-1.  The Aβ1-40 was monobiotinylated at the amino terminus and was 
radiolabeled with 125-iodine on a single internal tyrosine residue.  In parallel, a 1:1 conjugate of 
streptavidin and the rat 8D3 MAb to the mouse TfR was prepared.  Following mixing, the 8D3/Aβ1-40 
conjugate is produced, and this a bi-functional molecule that both binds the BBB TfR to allow for 
entry into brain, and binds the Aβ amyloid.  The binding of the peptide radiopharmaceutical to brain 
amyloid causes the sequestration of the peptide radiopharmaceutical within the ROI of brain, which are 
the areas of brain forming amyloid plaque.  The BBB TfR mediates the influx of the 8D3-targeted Aβ 
peptide radiopharmaceutical from blood into brain interstitial fluid (ISF).  The export of the peptide 
radiopharmaceutical from brain back to blood is mediated by both the BBB TfR and the BBB FcR.   

Whenever avidin-biotin technology is used to conjugate the peptide radiopharmaceutical and the 
targeting MAb, there is a concern that the biotin bond will be cleaved in vivo by biotinidase activity.  
In prior work, the rat RI7-217 MAb to the mouse TfR was used instead of the 8D3 MAb (36).  
However, in these early investigations, the complex of the Aβ peptide radiopharmaceutical and the 
SA/RI7-217 conjugate was rapidly degraded in vivo because of biotinidase activity (36).  When the 
RI7-217 MAb was replaced with the 8D3 MAb, the conjugated Aβ peptide radiopharmaceutical was 
not subject to biotinidase activity in mice in vivo.  The metabolic stability of the complex in vivo was 
demonstrated by fast protein liquid chromatography (FPLC) as shown in Appendix 3.  Because of the 
stability of the linker attached to the 8D3 MAb, the brain uptake of the targeted Aβ 
radiopharmaceutical is 100% higher in mouse brain using the 8D3 MAb as compared the RI7-217 
MAb.   

The efflux of the 8D3 MAb from brain back to blood was demonstrated in littermate control mice 
and this efflux was nearly complete 6 hours after a single intravenous injection (Appendix 3).  
Therefore, the targeted Aβ peptide radiopharmaceutical was injected into double transgenic mice 
intravenously and brain imaging was performed at 6 hours after this single intravenous injection.  
Brain imaging was performed with quantitative autoradiography (QAR).  At 6 hours after the 
intravenous injection, the brain of the transgenic mice was removed, rapidly frozen, and 20 micron 
frozen sections were prepared on a cryostat, placed on glass slides and dried at room temperature.  The 
slides were placed in apposition to x-ray film, which were exposed for 7 days at -70°C in parallel with 
20 micron thick 125I microscale standard strips.  The films were scanned with a flatbed scanner and 
quantitation of integrated density of the whole brain section or the 125I microscale standard was 
performed with NIH Image 1.62 software, and normalized by pixel area of the scanned regions.  A 
standard curve was constructed from the 125I standards (0.7, 1.5, 2.5, 5.0, and 10 µCi/g) and this curve 
was used to convert the normalized integrated density to tissue radioactivity (µCi/g).  The 6 hour brain 
scans of double transgenic mice and littermate controls injected with either the Aβ/MAb conjugate or 
the unconjugated Aβ peptide radiopharmaceutical are reported (4).  There is minimal radioactivity in 
double transgenic mice  or littermate controls  injected with the unconjugated Aβ peptide 
radiopharmaceutical, because there is minimal BBB transport of this peptide.  There is also minimal 
radioactivity in brain in the littermate controls injected with the MAb/Aβ conjugate, which is 
consistent with export of the radioactivity from non-amyloid bearing brain 6 hours after intravenous 
injection.  However, in the transgenic mice injected with the MAb/Aβ peptide radiopharmaceutical 
there is a selective sequestration of radioactivity throughout the brain  which parallels the increased Aβ 
immunoreactivity in the brain of these animals (Appendix 3).  Quantitation of the brain scans showed 
the brain radioactivity in the transgenic mice injected with the MAb/Aβ conjugate was >10-fold higher 
than in the conjugate-injected littermate controls. In conclusion, the results in Appendix 3 show that it 
is possible to image the Aβ amyloid burden in the brain in vivo with a peptide radiopharmaceutical 
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amyloid imaging agent, provided the peptide radiopharmaceutical is conjugated to a BBB drug 
targeting system.  
 
(3) Imaging Gene Expression in Brain In Vivo with Targeted Peptide Nucleic Acid (PNA) 

Radiopharmaceuticals 
(a) Transgenic Mouse Model of Huntington’s Disease (HD): Imaging Huntingtin Gene 

Expression 
The imaging of Aβ amyloid for the early detection of AD or the imaging with a peptide 

radiopharmaceutical requires that the peptide radiopharmaceutical only be transported into the brain 
ISF across the BBB.  The Aβ amyloid plaque projects into the brain ISF.  In contrast, the imaging of 
gene expression in brain in vivo with a sequence specific antisense radiopharmaceutical, such as a 
peptide nucleic acid (PNA), requires that the imaging agent be transported through 2 membranes in 
series: the BBB and the target brain cell membrane (BCM).  In addition to the BBB, the TfR is also 
widely expressed on brain cells, in particular, the neuronal BCM (5).  Therefore, the TfRMAb can 
mediate the transport of the PNA antisense imaging agent across both the BBB and the BCM in vivo.  
The structure of the targeted PNA antisense radiopharmaceutical is similar 
to the structure for a peptide radiopharmaceutical.  The 8D3/SA conjugate is prepared with a stable 
thiol-ether linkage, which is not a disulfide cleavable linker, and this is formulated in one vial.  In a 
second vial, the sequence specific PNA is formulated, and this PNA is monobiotinylated on the amino 
terminus, and an internal tyrosine residue is radio-iodinated with 125-iodine.  The targeted PNA 
antisense radiopharmaceutical is a bi-functional molecule and has affinity for both the TfR, to enable 
transport across the BBB and the BCM, and the target mRNA based on the sequence specificity of the 
PNA.   

To evaluate the feasibility of imaging a target transcript in brain of a chronic neurodegenerative 
disease, the R6/2 transgenic mouse model of Huntington’s disease (HD) was examined (Appendix 6).  
This transgenic mouse over-expresses exon 1 of the huntingtin gene, which contains the expanded 
CAG repeats characteristic of HD (37).  Humans without HD have 6-39 CAG repeats in the huntingtin 
gene, whereas patients with HD express 36-180 CAG repeats in this gene.  The R6/2 transgenic mouse 
has 1 intact copy of the human huntingtin exon 1 that contains 114 CAG repeats, and these mice 
develop neuronal inclusion bodies and behavioral changes as early as 5 weeks after birth (37).  A PNA 
was designed that specifically hybridizes to exon 1 of the huntingtin gene, and is complementary to 
nucleotides -1 to +15 of the human huntingtin exon 1, as shown in Appendix 6.  The ability of the PNA 
to hybridize to the target huntingtin mRNA despite conjugation to TfRMAb was shown with both cell-
free translation assays and with RNase protection assays, as described in Appendix 6.  The PNA 
antisense to the huntingtin mRNA is designated the HD-PNA, and this PNA was radiolabeled with 
125-iodine.  The [125I]-HD-PNA was conjugated to 8D3/SA to form the imaging agent.  The 
unconjugated  [125I]-HD-PNA and the PNA/TfRMAb conjugate was administered intravenously to 
either littermate control mice or the R6/2 transgenic mice, and these mice were sacrificed 6 hours later 
for frozen sections of the brain and quantitative autoradiography.  The brain radioactivity of the HD-
PNA conjugate at 6 hours is reported for 3 littermate control mice and 3 HD transgenic mice (7).  
These brain scans were quantitated with 125I microscale standard strips and the results of the 
quantitation.  There is a 300% increase in the amount of radioactivity sequestered in the brains of the 
HD transgenic mice 6 hours after intravenous injection as compared with that of the littermate control 
mice.  In a separate study, additional transgenic mice were examined at 6 hours after intravenous 
injection of a PNA/8D3 radiopharmaceutical that targeted the luciferase (LUC) mRNA.  The [125I]-
LUC-PNA/TfRMAb conjugate was not sequestered in the brains of the transgenic mice (Appendix 6).  
These results support the hypothesis that gene expression can be quantitated with antisense 
radiopharmaceuticals in vivo, provided that these molecules are reformulated with a membrane drug 
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targeting technology.  Drug targeting enables access of the PNA antisense radiopharmaceutical to 
endogenous transport pathways, which permits passage across the cellular barriers that separate blood 
and the intracellular compartments of target tissues. 

 
(b) Imaging Brain Cancer-Specific Gene Expression with Targeted PNA Antisense 

Radiopharmaceuticals: Imaging GFAP and Caveolin-1α Gene Expression 
In our initial work targeting antisense PNA radiopharmaceuticals to brain for in vivo imaging of 

gene expression, we used the 125I radionuclide (Appendix 6).  The purpose of the investigations 
described in Appendix 6 was to test the feasibility of imaging gene expression in vivo with targeted 
PNAs. After completing this work, we next developed methods for labeling PNA radiopharmaceuticals 
labeled with 111In, because other work showed that the artifactual brain uptake of radioactivity was 
increased 10-fold when brain imaging agents were labeled with 125I as compared with 111In (38).  The 
radiopharmaceuticals are degraded in peripheral tissues to produce iodotyrosine, which is then 
transported into brain at rates comparable to the imaging agent.  In contrast, metabolites labeled with 
111In are retained in peripheral tissues (39), and do not enter blood in parallel with the imaging agent.  
Therefore, we designed a PNA antisense radiopharmaceutical that would be suitable for both labeling 
with the 111In radionuclide and for conjugation to streptavidin or avidin.  We produced a bi-functional 
PNA that was conjugated with DTPA at the amino terminus, and was conjugated with biotin on the ε-
amino moiety of an internal lysine residue.   

The DTPA moiety allowed for radiolabeling with 111In, and the biotin group allowed for binding to 
the streptavidin (SA), which was conjugated to the TfRMAb.  We designed a PNA that was antisense 
to nucleotides 20-37 of the rat glial fibrillary acidic protein (GFAP) mRNA.  The GFAP mRNA was 
claimed by other laboratories to be over-expressed in rat brain cancer models, and that this over-
expression could be imaged with anti-GFAP antisense radiopharmaceuticals (40).  However, in the 
course of the work, we observed that the GFAP gene is actually under-expressed in rat brain tumors.  
Therefore, we also produced a bi-functional PNA that was targeted against the rat caveolin-1α (CAV) 
mRNA.  Recent investigations show that the CAV gene is over-expressed in brain cancer (41). This 
18-mer anti-CAV PNA is antisense to nucleotides 10-27 of the rat CAV mRNA.  The GFAP target 
mRNA sequence borders the methionine AUG initiation codon.  The CAV target mRNA sequence is 9 
nucleotides upstream of the methionine initiation codon.  The target CAV sequence was selected so as 
to avoid a poly(G) tract immediately 3’ to the methionine start site of the CAV mRNA.   

It is necessary to demonstrate that the 111In-GFAP-PNA still hybridizes to the target GFAP mRNA 
despite conjugation of the PNA to the TfRMAb.  Since these imaging studies were to be performed in 
rats, these investigations employed the murine OX26 MAb to the rat TfR, and we produced a 
conjugate of OX26 and SA, designated OX26/SA.  The most specific test demonstrating hybridization 
of the PNA to the target mRNA is Northern blotting using GFAP cloned RNA (cRNA) produced from 
a GFAP transcription plasmid.  However, no GFAP transcription plasmid was available either from 
commercial laboratories or academic laboratories.  Therefore, we cloned the full length rat GFAP 
cDNA from a library in our laboratory (Appendix 9), and this GFAP cDNA was subcloned into a 
transcription plasmid that allowed us to produce full length rat GFAP cRNA by in vitro transcription 
(IVT).  In parallel, a non-target mRNA encoding the rat large neutral amino acid transporter type 1 
(LAT1) mRNA was produced by IVT, and the rat GFAP and rat LAT cRNA were applied to an 
agarose/formaldehyde gel.  After blotting, the filters were probed with the 111In-GFAP-PNA 
conjugated to OX26/SA and the film autoradiogram of this Northern blot.  The 111In-GFAP-PNA 
conjugate had no measurable hybridization to the LAT1 cRNA, but hybridized in a dose-dependent 
fashion to the target GFAP cRNA.  These studies provided definitive evidence that the PNA still 
hybridizes to the target mRNA, despite conjugation to the TfRMAb drug delivery system.   
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We next injected the conjugate into rats in vivo to measure the stability of the imaging agent in 
vivo using gel filtration FPLC.  These studies show there was appreciable biotinidase activity in vivo 
in the rat during the experimental time period (Appendix 9). The stability of the conjugate in vivo is 
reflected in the marked increases in organ uptake of the PNA by those organs that express the TfR 
(Table 1).  Owing to high expression of the TfR on the hepatocyte cell membrane, or on the BBB, the 
uptake of the PNA/MAb conjugate by liver or brain is increased >10-fold relative to the unconjugated 
PNA (Table 1).  The renal clearance of the PNA is markedly reduced following conjugation to the 
MAb (Table 1), because the effective molecular weight of the unconjugated PNA is 5,000 Daltons, 
whereas the molecular weight of the PNA/MAb conjugate is 205,000 Daltons, and this size is too large 
to be freely cleared by glomerular filtration (Appendix 9).  

The rat brain tumor model was developed by injecting rat RG2 glioma cells under stereotaxic 
guidance into the brain of adult Fischer-CD344 rats.  Approximately 2 weeks later the rats with intra-
cerebral gliomas were taken for imaging GFAP gene expression.  When the unconjgated 111In-GFAP-
PNA was injected intravenously there was no measurable image detected over the brain area, owing to 
lack of transport of the PNA across the BBB in either normal brain or the brain tumor.  However, when 
the 111In-GFAP-PNA was conjugated to the OX26/SA delivery system, there was radioactivity readily 
detectable in normal brain.  However, the radioactivity over the brain tumor was actually decreased 
relative to normal brain.  Thus, the brain scan over the tumor was actually “cold” relative to normal 
brain, which suggests that the GFAP mRNA was not significantly expressed in the intra-cerebral RG2 
brain tumor.  Therefore, we performed both confocal microscopy and Northern blotting studies to 
examine the expression of the immunoreactive GFAP protein and mRNA in the RG2 tumor.  These 
studies showed that RG2 cells in tissue culture did not express the GFAP mRNA, and the GFAP 
mRNA in the brain tumor was not over-expressed relative to normal brain (Appendix 9).  Confocal 
microscopy showed that the RG2 tumor actually under-expressed the GFAP gene product.  After 
reviewing the literature, our findings are consistent with the work of other laboratories, which showed 
that neither C6 or RG2 tumors express significant amounts of GFAP, either in cell culture or in brain 
in vivo (42, 43).  

In contrast to GFAP, our Northern blotting and confocal microscopy studies showed that the RG2 
brain tumor over-produced the CAV1 gene product (Appendix 9).  Therefore, we injected the 111In-
CAV-PNA with or without conjugation to OX26/SA in RG2 tumor bearing adult rats, and the brain 
scans are shown in panels A, C, E, and G of (11).  The autopsy hematoxylin stains of the 
corresponding brains are shown in panels B, D, F, and H of (11). These tumor bearing rats were 
injected intravenously with 1 of 4 different types of antisense radiopharmaceutical: (i) 111In-GFAP-
PNA without conjugation to the TfRMAb, (ii) 111In-GFAP-PNA conjugated to OX26/SA, (iii) 111In-
CAV-PNA without conjugation to the TfRMAb, and (iv) 111In-CAV-PNA conjugated to the OX26/SA.  
Brain scans were obtained at 6 hours after a single intravenous injection.  There was minimal imaging 
of the RG2 tumor with either the unconjugated 111In-GFAP-PNA or the unconjugated 111In-CAV-PNA, 
because the unconjugated PNAs do not cross the BBB.  There was no specific sequestration of 
radioactivity over the RG2 tumor after intravenous administration of the 111In-GFAP-PNA conjugated 
to OX26/SA, because there is no significant expression of the GFAP mRNA in the brain tumor, or in 
contralateral brain in these delayed 6 hr scans.  However, there was selective sequestration of 
radioactivity over the brain tumor after intravenous injection of the 111In-CAV-PNA conjugated to 
OX26/SA, as this tumor over-expressed the CAV mRNA, and conjugation of the CAV-PNA to the 
TfRMAb enabled transport of the antisense radiopharmaceutical from the blood to tumor 
compartments.  The size of the brain tumors was detected by hematoxylin staining of parallel sections 
of brain, and these images are given in (11).  The quantitative results from all rats in the imaging study 
show the following:  (i) the uptake of a non-conjugated GFAP-PNA or the CAV-PNA by non-tumor 
brain is not measurable; (ii) there is minor uptake of the unconjugated GFAP-PNA or the unconjugated 
CAV-PNA by brain tumor, owing to a partial breakdown of the BBB in the tumor, but there is no 
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difference in signal obtained with either of these unconjugated PNAs; (iii) the uptake of the GFAP-
PNA conjugate in either tumor or non-tumor brain is enhanced relative to the brain uptake of the 
unconjugated GFAP-PNA, but there is no sequestration of the GFAP-PNA by the brain tumor relative 
to non-tumor brain, because the tumor does not express the GFAP mRNA; and (iv) the uptake of the 
conjugated CAV-PNA by the tumor is increased 124% compared to the uptake of the CAV-PNA 
conjugate by non-tumor brain.  The studies in Appendix 9 show that it is possible to image endogenous 
gene expression in vivo with PNA antisense radiopharmaceuticals, if drug targeting technology is 
used.  This work used a novel PNA that is bi-functional and contains both a DTPA moiety for 
chelation with the 111In radionuclide, and a biotin moiety for conjugation to the targeting MAb via a 
biotin:streptavidin linkage. 
 
(c) Imaging Gene Expression in Brain Ischemia with PNA Antisense Radiopharmaceuticals: 

Imaging GFAP Gene Expression 
The work in Appendix 9 shows that 111In-PNAs can be used to image the over-expression of a 

targeted gene in brain cancer, if drug targeting technology is used.  We next examined whether PNA 
antisense radiopharmaceuticals, labeled with 111In, could be used to image the under-expression of a 
target gene.  The GFAP mRNA is down-regulated in the core of an ischemic infarct in brain in the first 
24 hours after the ischemia (44).  We developed a middle cerebral artery occlusion (MCAO) model of 
reversible brain ischemia.  In this model, the middle cerebral artery was occluded for 1 hour in adult 
rats, followed by 23 hours of reperfusion (Appendix 10).  After the 23 hours of re-perfusion, the 
imaging of GFAP gene expression in brain was performed with the 111In-GFAP-PNA conjugated to 
OX26/SA.  The down-regulation of GFAP gene expression within the infarct core was confirmed by 
GFAP immunocytochemistry).  At 23 hours after the 1 hour occlusion of the middle cerebral artery, 
the rats were administered 111In-GFAP-PNA conjugated to OX26/SA, and animals were then sacrificed 
60 minutes later for frozen sectioning of brain and film autoradiography.  The imaging of GFAP gene 
expression is shown in (12), and there is decreased radioactivity that overlaps with the region of the 
infarct as determined by GFAP immunocyto-chemistry.  Since it is possible the “cold” brain scan 
obtained with the targeted GFAP-PNA could be due to a lack of reperfusion of the infarcted region, we 
measured cerebral blood flow with 3H diazepam, which is used as a fluid microsphere.  The region of 
the infarct and the contralateral brain was separated by cutting the brain into 6 coronal sections with a 
brain matrix.  The sections were then stained with 2 % 2,3,5-triphenyltetrazolium chloride (TTC), 
which stains healthy brain red.  The TTC stains are shown in grayscale in (12), where the healthy brain 
appears black and the infarcted brain appears white. The cerebral blood flow in the region of infarct is 
equal to the brain blood flow in the contralateral brain.  Therefore, cerebral blood flow is normalized at 
the time of the brain imaging. 

The decreased uptake of the targeted GFAP-PNA radiopharmaceutical in the region of the infarct 
could also be due to a down-regulation of microvascular TfR in the region of the infarct.  Therefore, 
brain sections were examined with confocal microscopy using antibodies to both the TfR and to an 
endothelial specific marker, the GLUT1 glucose transporter.  The capillaries within the core of the 
infarct expressed high levels of immunoreactive TfR as shown at both low and high magnification, and 
these images are given in Appendix 10.  The capillaries within the infarct also expressed the 
endothelial GLUT1 glucose transporter, which overlaps with the immunoreactive TfR.  Therefore, the 
decreased uptake of the GFAP-PNA/MAb conjugate by the infarct is not due to a decrease in either 
cerebral blood flow or to a decrease in the BBB TfR.  The decreased uptake of the PNA antisense 
radiopharmaceutical over the infarct suggests the GFAP mRNA is down-regulated in ischemia, which 
has been demonstrated in autopsy sections by in situ hybridization (44).  In summary, these studies 
show that it is possible to image the down-regulation of target gene expression in brain using the 
MCAO model of regional brain ischemia, providing the PNA antisense radiopharmaceutical is 
attached to a trans-membrane targeting system.  The antisense PNA radiopharmaceutical is too polar to 
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cross either the BBB or the brain cell plasma membrane, and the intravenous administration of a non-
targeted PNA antisense radiopharmaceutical results in minimal radioactivity in brain (Appendix 9).  
However, if the PNA antisense radiopharmaceutical is reformulated with drug targeting technology, 
then gene expression in brain can be imaged in vivo.  The studies in Appendix 10 showing decreased 
GFAP gene expression in experimental stroke and the work in Appendix 9 showing increased 
caveolin-1α gene expression in experimental brain cancer, provide evidence that either a down- or up-
regulation of gene expression in brain can be imaged in vivo with targeted antisense 
radiopharmaceuticals labeled with 111-indium. 
 
(4) Evaluation of Cationic Peptides or Antibodies as Trojan Horse Delivery Systems 

One alternative strategy for targeting PNAs across cell membranes is to combine the antisense 
moiety with a cationic peptide.  The cationic charge triggers adsorbtive mediated endocytosis across 
plasma membranes.  A variety of cationic “import” peptides have been examined as molecular 
Trojan horses for antisense transport (45-47), including an arginine rich cationic portion of the TAT 
protein of the human immunodeficiency virus (HIV) (48).  It is possible to demonstrate increased 
cellular uptake of an antisense agent coupled to a cationic peptide in cells in tissue culture (45-48). 
However, whether these cationic import peptides are effective in vivo depends on the plasma 
pharmacokinetics in addition to the cell membrane penetrating properties of the cationic peptide.  The 
organ uptake of an antisense radiopharmaceutical, expressed as percent of injected dose per gram 
tissue (%ID/g), is a direct proportion to both the organ clearance coefficient, measured in µL/minute/g, 
and the plasma area under the concentration curve, or AUC, measured in %IDmin/µL.  If the cationic 
import peptide increases the uptake of the antisense radiopharmaceutical by all tissues, then there 
would be a rapid clearance of the radiopharmaceutical from blood, which would be associated with a 
marked reduction in plasma AUC.  This decreased plasma AUC can override the increased clearance 
coefficient, and result in minor changes in the %ID/g or organ uptake of the antisense 
radiopharmaceutical.  These theoretical considerations were experimentally confirmed with the TAT 
peptide as shown in Appendix 2.  The TAT peptide was mono-biotinylated at the amino terminus.  The 
peptide contained an internal tyrosine residue for radiolabeing, a glycine linker, and an amidated 
carboxyl terminus.  The active or cationic portion of this peptide corresponds to amino acids 48-58 of 
the TAT peptide of HIV.  The biotinylated TAT peptide was radio-iodinated and injected 
intravenously in rats with our without conjugation to streptavidin (SA).  The unconjugated TAT-biotin 
peptide was nearly instantaneously cleared from plasma by all tissues with a very high systemic 
clearance of a 29 ± 4 mL/min/kg and a very high systemic volume of distribution of 4160 ± 450 
mL/kg.  The plasma clearance of the TAT-biotin/SA conjugate, 1.37 ± 0.01 mL/min/kg was reduced 
relative to clearance of the unconjugated TAT peptide, but was 24-fold greater than the plasma 
clearance of unconjugated SA.  Attachment of cationic import peptides such as TAT48-58 to targeting 
proteins results in a marked increase in the removal of the protein from the circulation, which is 
reflected in the reduced plasma AUC.  The plasma AUC of TAT-biotin is 173-fold lower than the 
plasma AUC of SA-biotin (Appendix 2).  In summary, conjugation of a cationic import peptide to a 
protein has opposing effects on membrane permeation and on plasma AUC.  Therefore, the organ 
%ID/g is not increased in proportion to the increase in membrane permeation caused by TAT 
conjugation of proteins.  These pharmacokinetic considerations, which are important in determining 
the viability of imaging agents in vivo, are not relevant to cell culture experiments where the plasma 
AUC cannot be measured.  The conjugation of a cationic import peptide such as a TAT to a PNA 
would actually markedly accelerate the plasma clearance of the PNA and reduce its plasma AUC.  In 
contrast, conjugation of the PNA to the targeting MAb results in a reduced clearance of the PNA and 
increased plasma AUC (Appendix 9).  We also evaluated whether cationization of a MAb would 
accelerate the plasma clearance of a targeting MAb.  However, the combination of cationization of the 
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MAb and radiolabeling with 111-indium resulted in significant plasma protein binding which 
neutralized the effects of the cationization on membrane transport properties (Appendix 8).  These 
plasma pharmacokinetic properties encountered with either cationic import peptides or cationized 
antibodies were not a problem using native MAbs to BBB specific receptors.  Therefore, native 
peptidomimetic MAb’s to BBB receptor/transporters appear to be the ideal agents for targeting peptide 
or antisense radiopharmaceuticals to the brain. 
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