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ABSTRACT. Molecular imaging is an important new direction in medical diagnosis; however, its success

is dependent upon molecular probes that demonstrate selective tissue targeting. We report the design and
chemical synthesis of a derivative of human amylgitAj3) peptide that is capable of selectively targeting
individual amyloid plaques in the brain of Alzheimer’s disease transgenic mice after being intravenously
injected. This derivative is based on the sequence of the first 30 amino acid residyewibhAsparagyl/
glutamyl-4-aminobutane residues (N-4ab/Q-4ab) substituted at unique Asp and Glu positions and with
Gd-DTPA-aminohexanoic acid covalently attached at the N-terminal Asp. The Gd[N-4ab/QA84b]A
peptide was homogeneous as shown by high-resolution analytical techniques with a md885fDa
determined by electrospray ionization mass spectrometry. This diamine- and gadolinium-substituted
derivative of AS is shown to have enhanceduitro binding to Alzheimer’s disease (AD) amyloid plaques

and increaseth vivo permeability at the bloodbrain barrier because of the unique Asp/Glu substitutions.

In addition, specifidn vivo targeting to AD amyloid plagues is demonstrated throughout the brain of an
APP, PS1 transgenic mouse after intravenous injection. Because of the magnetic resonance (MR) imaging
contrast enhancement provided by gadolinium, this derivative should enable th® MR imaging of
individual amyloid plagues in the brains of AD animals or patients to allow for early diagnosis and also
provide a direct measure of the efficacy of anti-amyloid therapies currently being developed.

Molecular imaging by magnetic resonance requires a in vivo (1). Thisin vivo binding of plaques was demonstrated
molecular probe containing a contrast agent that is capablewith radioiodinated, polyamine-modified, humai40 fol-
of selective tissue targeting in labeling a specific molecular lowing intravenous injection into a transgenic mouse model
entity within the tissue of interest which can be detected by of AD. Furthermore, by covalently attaching gadolinium-
magnetic resonance imaging (MRI). One of the pathological DTPA to polyamine-modified £, we have been able to
hallmarks of Alzheimer’s disease (AD) is the extracellular selectively enhance individual plaques by MRI performed
accumulation of amyloigd (AS) peptide into plaques. These on the ex vivo AD mouse brainta7 T with a spatial
plaques are essential for the definitive diagnosis of AD, resolution approximating plaque size (625°) (2).

which is usually confirmed only post-mortem. At present,  The gapjlity to quantify the permeability of peptides and
there is no method for direct imaging of_mdw@t,fbt;mylmd proteins at the bloogbrain barrier (BBB) 8) has allowed
plaques In humgns th‘?‘t WOUld provide a definitive Pr€- the evaluation of different protein modifications that might
mortem diagnosis of this disease or a method of assessing)o sed to enhance this permeabilidy-@). In particular
dlseasg progression. MRI 'has a spatial resolut'|on 653D covalent modification with the naturally occurring polyamines,
sm, ‘.Nh'Ch at least theoretlc_a_lly, has the_ capacity to res_olve such as putrescine, spermidine, or spermine, has resulted in
individual plaques (the neuritic plaque size in an AD patient 4o matic increases in the BBB permeability of a number of

varies_frpm 2 to 20Qum). proteins 6—11). Indeed, polyamine modification of human
Radioiodinated human/#0 has been used as amolecular A z40 a5 described above not only resulted in a significant

probe which binds tg-amyloid plaques botin itro and increase in the BBB permeability but also resulted in

enhanced binding to amyloid plaques in AD brain sections
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Ficure 1. Molecular structure of diamine-substitute@d?-30. Amino acid sequence of/Apeptides and chemical structure of modified
glutamine and asparagine residues.

of proteins with a nucleophile, such as the polyamine ability to bind plaques in AD tissue sections, and also its
putrescine. In the initial reaction, the carbodiimide adds to ability to target amyloid plaques in the AD mouse after
ionized carboxyl groups to form ad-acylisourea intermedi-  intravenous injection. Our focus in this investigation is on
ate (L2). Subsequent reaction of the intermediate with the A51—30, because the cell surface binding domaif3a—
amine yields the corresponding amide. Because this reactior34) is excluded and the neurotoxic domains@s—35) is
depends on the ionization of the individual carboxyl groups, truncated 13). It is particularly important to develop a
the extent of modification can be controlled by maintaining derivative of AG that is nontoxic as this contrast agent might
a desired pH to limit the ionization of the carboxyl groups have clinical application for the definitive pre-mortem
and, hence, preserve the bioactivity of the protein. One of diagnosis of AD in human patients.
the difficulties with this reaction is that the reactive
intermediate also undergoes hydrolysis slowly, which may EXPERIMENTAL PROCEDURES
in turn react with other nucleophiles to form different . . .
carboxylated derivatives. In particular, reaction with an amino SybjeptsThese evaluations were performed using trans-
group from a second protein or the same protein may lead 9€N!C Mice th"’?t. express two mutant human proteins associ-
to a cross-link between the two proteins. This is less 2ted with familial AD and have been described in detall
problematic with high-molecular mass proteins; however, it elsewhe_re 14). Hemizygous transgenic mice (_T92576)
can be more problematic with lower-molecular mass peptides €XPressing mutant human amyloid precursor protein 6&pP
or synthetic peptides lacking post-translational modifications, (19 were mgted with a second stra}m of hemizygous
particularly those with unblocked N- and C-termini. This is transggrjlc mice (Ml46l‘6'2.) expressing mutant human
particularly evident for a peptide such ag40, which readily ~ Presenilin 1 (PS1)14). The animals were genotyped for the
forms aggregates and fibrils leading to increased insolubility. €XPression of both transgenes by a PCR method using a
One way to avoid the problems associated with carbodi- sample o-f mouse tail DNA. The mice were housed N & VIrus-
imide-mediated modification is to create unique protein €€ barrier facility under a 12 h lighdark cycle, with ad
isoforms by directly synthesizing the amine-modified car- libidum access to food an(_j water. AII_prqcedures were
boxyl groups of glutamic and aspartic acid to create a performed in accordance with t_erIH Guidelines for the
glutamyl-4-aminobutane or asparagyl-4-aminobutane (Figure ©@r€¢ and Use of Laboratory Animals
1) which is then incorporated into the synthesis of the protein. ~ Synthesis Reactionnless otherwise stated, all reactions
By substitution of glutamic acid at positions 3, 11, and 22 Were carried out under an argon or nitrogen atmosphere.
with glutamyl-4-aminobutane and substitution of aspartic acid Commercially available materials were used without puri-
at positions 7 and 23 with asparagy|_4_aminobutane, the Saméication. The dichloromethane was distilled over Qa]Fhe
derivative can be synthesized without the inherent problemsdiethyl ether and tetrahydrofuran were dried by distillation
of peptide cross-linking and decreased solubility. Of course, over sodium benzophenone ketyl. NMR spectra were re-
the number and position of this diamine substitution within corded with a Bfker Avance-300 instrument at 300 MHz
the peptide will determine its BBB permeability and its for *H NMR. Chemical shifts are given using tetramethyl-
ability to efficiently target amyloid plaques. In the study Silane as an internal standard. Kieselgel 60 (2800 mesh)
presented here, we characterize this diamine- and Gd-DTPA-silica gel was used in the flash chromatography.
substituted A£1—30 by mass spectrometry, protein electro-  Preparation of Ne-Fmoc+-aspartyls-N-(4-aminobutyl)-
phoresis, its bloogbrain barrier (BBB) permeability, its  carbamic Acid tert-Butyl Ester3@). The N-a-Fmoct-
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aspartyla-allyl ester (&) (3.67 g, 9.276 mmol) was dissolved The allyl group in2b was removed using the procedure
in 100 mL of acetonitrile (ACN). To this mixture, under an outlined above to furnisiN-o-Fmoc+-glutamyl--N-(4-
inert atmosphere, were sequentially added the BOP reagenaminobutyl)carbamic acidert-butyl ester 8b) as a pale
(4.30 g, 9.74 mmol) and diisopropylethylamine (DIPEA, 3.31 yellow powder (5.4 g, 87.7%) from the corresponding allyl
mL, 18.55 mmol). After being stirred at room temperature ester (6.60 g, 11.07 mmol}H NMR (CDCl;) 6 1.40 (9H,
(RT) for 5 min, the mixture was cooled to°@. While the s), 1.51 (4H, m), 1.85 (1H, d} = 4.52 Hz), 2.06 (1H, dJ
mixture was being stirred\-(4-aminobutyl)carbamic acid = 6.3 Hz), 2.42 (2H, dJ = 17.5 Hz), 3.09 (2H, d) = 4.67
tert-butyl ester (1.75 g, 9.28 mmol) was added. The reaction Hz), 3.27 (2H, br s), 4.19 (1H, § = 6.674 Hz), 4.35 (3H,
mixture was stirred for 1 h. The ACN was removed under d,J = 4.85 Hz), 4.81 (1H, br s), 6.08 (1H, br s), 6.74 (1H,
vacuum, and the solid residue was dissolved in 100 mL of br s), 7.31 (2H, tJ = 7.24 Hz), 7.41 (2H, tJ = 7.24 Hz),
water. After acidification of the solution to pH 3 with 1 N 7.61 (2H, d,J = 7.29 Hz), 7.76 (2H, dJ = 7.4 Hz).

HCI, the aqueous phase was extracted with dichloromethane Synthesis of Diamine- and Gd-Substitut¢tiDerivatives.
(DCM) three times, and the combined DCM layers were AB1—30, with the sequence Ahx-DAEFRHDSGYEVH-
washed first with aqueous NaHG@nd then with brine and ~ HQKLVFFAEDVGSNKGA (Ahx = Fmoc-6-aminohexanoic
dried (NaSQy). Addition of 200 mL of hexane to the DCM  acid), was synthesized on an ABI 433 (Foster City, CA)
solution and cooling it at-14 °C for 30 min resulted in the ~ peptide sythesizer using HBTU activation and the manufac-
formation of a precipitate which was filtered and lyophilized. turer’'s suggested synthesis protocols. The starting resin was
The productN-a-Fmoc+-aspartyls-N-(4-aminobutyl)car-  Ala-NovaSyn TGA (Calbiochem-Novabiochem, San Diego,
bamic acidtert-butyl estera-allyl ester a) (5.1 g, 97.2%) CA). Glutamic acid residues 3, 11, and 22 were synthesized
was obtained as a white solidH NMR (CDCL) ¢ 1.43 with N-a-Fmoct -glutamyld-N-(4-aminobutyl)carbamic acid
(9H, s), 1.57 (4H, m), 2.74 (1H, dd,= 15.8, 4.2 Hz), 2.98 tert-butyl ester 8b), and aspartic acid residues 7 and 23 were
(1H, dd,J = 16.1, 4.4 Hz), 3.09 (2H, d] = 4.9 Hz), 3.41 synthesized witiN-a-Fmoc+-aspartyly-N-(4-aminobutyl)-
(2H, t,J = 5.1 Hz), 4.6 (2H, m), 4.67 (2H, d,= 5.47 Hz), carbamic acidert-butyl ester described above. After comple-
5.24 (2H, ddJ = 25.1, 17.2 Hz), 5.9 (2H, m), 6.17 (1H, d, tion of the synthesis and final Fmoc deprotection, diethyl-

J =8.39 Hz), 7.31 (2H, tJ) = 7.24 Hz), 7.41 (2H, t]) = enetriaminepentaacetic acid anhydride (DTPA) was added
7.24 Hz), 7.61 (2H, dJ = 7.29 Hz), 7.76 (2H, dJ) = 7.4 to the N-terminal Ahx residue by dissolving 120 mg of the
Hz). DTPA in 2 mL of DMSO and 8 mL of DMF and reacting

the DTPA solution with the peptide resin, which had been
washed previously with DIEA and DCM. The coupling of
DTPA was allowed to proceed overnight at RT. Completion

The allyl ester 2a) (5.00 g, 8.60 mmol) and Pd(Bk (400
mg, 0.39 mmol) were suspended in 40 mL of THF, and the

suspension was stirred at RT for 5 mToluenesulfinic of the reaction was verified by a negative ninhydrin reaction.

B 0 o o mo) sl 1) 20 T Af1—30 peptde wa hen leaved o e i supor
' 1 0, | 0, 0, i -
stirred fa 2 h at RT.Removal of the THF in vacuo and o9 5% crystalline phenol, 5% water, 2.5% triisopropyl

; . : silane, and 87.5% TFA fo2 h at RT. Thepeptide was
washing the aqueous layer with ether (three times) left a purified by reverse-phase HPLC on a C18 Jupiter column
colored aqueous layer which was decolorized after being (250 mmx 21.2 mm, Phenomonex Corp.) using a gradient
”e?‘ed with hot charcoal for 10 min and filtered through system of 0.1% aquéous TFA containing 80% acetonitrile.
Celite. Then, the clear aqueous solution was cooled@ 5 The calculated mass of 3390 amu foS#-30 and 4231
e L The prectals e amu for DTPAN-4ab/Q-4ablAc0 i confime by clec

. t ionizati t try (Sciex API 165). Th
vacuum. TheN-o-Fmoc+-aspartylg-N-(4-aminobutyl)car- rospray ionization mass spectrometry (Sciex ). The

. . . element gadolinium (Gd) was chelated at an equimolar
bamic amcte_rt—buty_l elster(%a) (3.7 9, 79.46%) was obtained concentrzgtion to the I(DTP)A functional group of thqglﬁr
as an off-white solid:'H NMR (CDCl) 0 1.42 (9H, 5), 1.53 3 peptide using Gd(lll) chloride hexahydrate (Sigma) in

(4H, m), 2.71 (1H, ddJ = 16.28, 8.6 Hz), 2.98 (1H, d,= water at RT fo 1 h (now designated Gd[N-4ab/Q-4al#20)
15.1 Hz), 3.19 (2H, br s), 3.27 (1H, br's), 3.37 (1H, br's), (rjgure 1). Gadolinium- and diamine-substitute@1a-30
4.21 (1H, t,J = 6.64 Hz), 4.36 (2H, tJ = 8.77 Hz), 4.51 mixtures were analyzed by electrospray ionization mass
(1H,d,J = 6.11 Hz), 6.24 (1H, brs), 6.68 (1H, brs), 7.31  gnecirometry on a Sciex 165B instrument (Perkin-Elmer).
(2H, t,J =724 Hz), 7.41 (2H, ) = 7.24 Hz), 7.61 (2H,  Approximately 2.54L of each Gd/peptide mixture was
d,J=7.29 Hz), 7.76 (2H, dJ = 7.4 Hz). injected utilizing the following parameters: stamtz of 500,

Preparation of Nei-Fmoc+-glutamyld-N-(4-aminobutyl)- stopnvVz of 2000, and a dwell time of 0.1 ms at 40 scans/
carbamic Acid tert-Butyl Ester3p). Following the same  min. The deconvolution of each spectrum into a single mass
procedure as described above 3a N-a-Fmoc+-glutamyl was performed using the BioToolBox program supplied by
acidy-N-(4-aminobutyl)carbamic acigrt-butyl ester-allyl the manufacturer. All & peptides were labeled wit3 or

ester Rb) was obtained as a white powder (6.9 g, 97.5%) 31 using a modified chloramine T procedure as described
from N-o-Fmoc+-glutamyl o-allyl ester (5.00 g, 12.19  previously (6).

mmol): *H NMR (CDCl) 6 1.42 (9H, s), 1.52 (4H, m), Determination of PS and\in Mice. PS andv, measure-
1.82 (1H, s), 2.24 (3H, s), 3.11 (2H, d,= 5.8 Hz), 3.26 ments were performed as described previouslyq, 17).
(2H, t,J = 5.9 Hz), 4.19 (1H, tJ = 6.85 Hz), 4.41 (3H, This involved the IV bolus injection technique in which a
m), 4.64 (3H, dJ=5.67 Hz), 5.27 (2H, dd] = 17.2, 12.71 bolus of PBS containing®d-labeled protein was rapidly
Hz), 5.81 (1H, dJ = 14.44 Hz), 5.89 (1H, m), 6.11 (1H, br  injected into the catheterized femoral vein of anesthetized
s), 7.31 (2H, tJ = 7.24 Hz), 7.41 (2H, tJ = 7.24 Hz), mice (isoflurane, 1.5%). Blood was sampled from the femoral
7.61 (2H, d,J = 7.29 Hz), 7.76 (2H, dJ = 7.4 Hz). artery at several intervals over the next 15 min. Whole blood
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was sampled directly, using heparinized micro-hematocrit r

capillary tubes, and TCA extracted. The supernatant was
separated from the pellet, and both were counted in a gamma

counter. The radioactivity in the pellet was expressed as a

percentage of the total radioactivity found in both the pellet

and supernatani{). An aliquot of the peptide labeled with

131 was then injected into the femoral vein 15 s prior to the

sacrifice of the animal to serve as a measure of residual

plasma volume\(,, in microliters per gram). After collection

of the final blood sample, the anesthetized animal was

sacrificed. Several brain regions were dissected and assayed

for 129 and*®} radioactivity in a two-channel gamma counter

(Cobra Il, Packard) with the activity corrected for background

and crossover of3 activity into the 23 channel. The

products of the permeability coefficient and the surface area

(PS, in x10°% milliliters per gram per second) were then

calculated using thé&/, as a measure of residual plasma -
volume based on equations that have been discussed in detail §
elsewhere &9, 17). Statistical evaluations of PS ang
were performed using analysis of variance (ANOVA) fol-
lowed by Bonferroni multiple comparisons.

Labeling of Amyloid Plaques in Human AD and AFFS1 FIGURE 2: Autoradiography after SDSPAGE of [%5]A 8 deriva-
Mouse Brain Sections in Vitro with Diamine- and Gado- tives. SDS-polyacrylamide gel electrophoresis of radioiodinated
linium-Substituted A30 PeptidesHPLC-purified [24]A 840, A peptides and derivatives.

[*2M]A 530, [*?¥][N-4ab/Q-4ab]A330, [**M]Gd[N-4ab/Q-
4ab]A330, or buffer was incubated with sections of unfixed
AD temporal lobe cortex using the same procedure we used
previously (8). Briefly, the 15um sections were incubated
for 3 h at RTwith 100 pM radioiodinated peptide or alone
in 250 uL of TBS [50 mM Tris-HCI and 138 mM sodium
chloride (pH 7.0)] containing 0.1% BSA, 0.6 mg/mL
magnesium chloride, 0.04 mg/mL bacitracin, 0.002 mg/mL

do]

OBV .

woyeg

netylaes-omey-nHsa .

oglylasi-omEr-NIpS-t

(pH 7.2). Frozen sections (1om) of each brain were cut
with a cryostat and then processed with anfi-Ad and
emulsion autoradiography for the presence of radiolabeled
amyloid deposits using the same methods described above.
Silver grains from sections exposed for 6 days and 2 weeks
were quantitated using unbiased, stereological techniques.

chymostatin, and 0.004 mg/mL leupeptin. The sections then Sections exposed for 4 or 8 weeks were somewhat overex-
underwent immunohistochemistry (IH) for amyloid using an P2S€d; and as a resuit, over many of the plaques the exposed
anti-A3 monoclonal mouse antibody (4G8, 1:1000, Signet silver grains had becqme confluent and could not be c_:ounted
Laboratories, Dedham, MA). Next, the sections were dipped accqrately. Silver grains were counted over plaques in three
in an autoradiographic emulsion (Type NTB-3, Kodak, sec_t|ons from e_ach animal in the retrosplenial cort_ex and CA1
Rochester, NY) for direct comparison 8#i-labeled amyloid ~ region of the hippocampus using aA® x 10.m dissector
deposits to anti-A& IH. The slides were dipped in emulsion, ~at400<. The mean background level of exposed silver grains
exposed for various durations, and developed according towas also determined for each section. The background was
the instructions. The sections were dehydrated with succes-Sampled over the tissue adjacent to each plaque that was
sive changes of ethanol and xylene and then coverslipped.2nalyzed and was on average 1.36 and 1.60 silver grains/

[125]A 840 or [125]Gd[N-4ab/Q-4ab]A830 was also incu- 100 um? after 6 days of exposure in the cortex and
batedin vitro with brain sections from APP, PS1 mice to hippocampus, respectively, and 1.99 and 2.54 silver grains/
verify that the radioiodinated peptides label amyloid deposits 100 un?, respectively, after 2 weeks. The results were
in AD transgenic mice in the same manner that they label expressed as the mean number of silver grains pep0
amyloid plaques in human AD brain sections. Briefly, minus the background. Since the specific activities of the
unfixed, frozen 15um brain sections from APP, PS1 mice radiolabeled peptides were equal, the grain counts did not
at 12 and 52 weeks of age, or a nontransgenic mouse, wereneed further correction. Statistical analysis was then per-
incubated with 129]A 440, [124]Gd[N-4ab/Q-4ab]4630, or formed using ANOVA followed by Bonferroni multiple
buffer as described above. The sections then underwent anticomparisons.
Ap IH and emulsion autoradiography as described above.

Labeling of Amyloid Plaques in M. APP, PS1 transgenic RESULTS
mice (21 months of age) were catheterized in the femoral
vein under general anesthesia (isoflurane, 1.5%) and injected Autoradiography following SDSPAGE of [*]A De-
with 750ug of HPLC-purified [23]A 840, [25]A 530, [124]- rivatives. Aliquots of radioiodinated 40, A330, [N-4ab/
[N-4ab/Q-4ab]A630, or [24]Gd[N-4ab/Q-4ab]A830. The  Q-4ab]A330, and Gd[N-4ab/Q-4ab}#30 containing 1000
specific activities of the HPLC-purified radiolabeled peptides dpm were run on SDSpolyacrylamide gel electrophoresis
were equal (8.Cilug). After 4 h, each animal was given an at concentrations of 15% T and 1% C until the indicator
overdose of sodium pentobarbital (200 mg/kg, IP) and dye was 1 cm from the bottom of the gel. As shown in Figure
perfused with PBS, followed by neutral-buffered, 10% 2, single bands were observed for each of tifed@rivatives.
formalin, and then 10% sucrose in 0.1 M sodium phosphate This concentration of acrylamide does not have the resolving
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Ficure 3: Relative quantitation of Gd chelation to DTPA[N-4ab/Q-4ab3Q by electrospray ionization mass spectrometry. Mixtures of
increasing mole ratios of Gd to DTPA[N-4ab/Q-4a[30 were analyzed: (A) 0/1, (B) 0.25/1, (C) 0.5/1, (D) 0.75/1, and (E) 1/1. See the

text for details.

Table 1: PS and/, Values of A330, [N-4ab/Q-4ab]#30, Gd A330, and Gd[N-4ab/Q-4ab}#30 at the BBB in the Normal Adult Mouse

(B6SJLY
AB30 [N-4ab/Q-4ab]4830 GdAB30 Gd[N-4ab/Q-4ab]/830
brain region (n=11) (n=5) RI P (n=9) RI P (n=26) RI P

PS

cortex 117.5+4.7 139.6+ 9.4 1.2 ng 498+58 04 e 79.2+ 4.1 0.7 e

caudate-putamen 101484.1 121.2+£5.9 12 c 39.7+ 3.7 04 e 65.8+ 4.7 0.7 e

hippocampus 113.&5.2 139.6+ 10.3 1.2 n% 50765 04 e 89.4+ 6.2 0.8 n8

thalamus 136.& 6.1 147.0£ 9.2 1.1 ng 61.0+8.7 04 e 84.4+ 38 06 e

brain stem 134.46.1 149.0+ 9.2 1.1 n8 620+80 05 e 92.2+5.9 07 d

cerebellum 131.¢5.0 174.6+ 14.1 13 d 60.2+ 6.8 05 e 102.8+ 7.4 0.8 ng
V,

cortex 24.0£ 1.4 20.4+ 1.2 0.9 ngp 23.3+ 2.3 1.1 n8 22.6+1.1 0.9 ng

caudate-putamen 1280.7 11.24+0.8 09 n8 146+£42 12 n8 1454+ 1.2 1.2 n8

hippocampus 25.61.6 242+ 2.1 1.0 ng 26.7+22 1.0 n8 29.1+1.4 1.1 ng

thalamus 25814 19.3+£ 0.9 0.8 ng 26.8+23 1.0 n8 22.6+1.0 0.9 ng

brain stem 32.& 2.2 23.8+£ 1.8 0.7 ng 37.8+3.7 1.2 n8 26.7+1.8 0.8 n8

cerebellum 31.:2.2 31.7+ 2.3 10 n&% 365+34 12 n8 3494+ 1.0 1.1 nd

aPpS is the product of the permeability coefficient and the surface ar@@f milliliters per gram per secon&k + SEM) determined with
[*29]A B30 derivatives over the course of 15 min and corrected/fo¥, is the residual brain region blood volume (microliters per gras,SEM)
determined with t4]A 330 derivatives given 1530 s prior to the end of the experiment. Rl is the relative increasef&R.P is the ANOVA
with Bonferroni multiple comparisons vsA380. ® Not significant £ > 0.05).°P < 0.05.¢P < 0.01.¢P < 0.001.

capacity to distinguish the differences in the molecular ionization mass spectroscopy (Figure 3). Increasing the ratio

masses of the different derivatives.
Gadolinium Chelation to DTPA[N-4ab/Q-4ak$80 Evalu-
ated by Electrospray lonization Mass Spectromefriie

of Gd to DTPA[N-4ab/Q-4ab]A30 showed a shift in the
atomic mass unit from 4231 for DTPA[N-4ab/Q-4alf}20

to 4385, the value expected for Gd-DTPA[N-4ab/Q-
relative quantitation of chelation of Gd to the DTPA- and 4ab]A330. These data demonstrate mole concentrations of
diamine-substituted A30 was evaluated by electrospray Gd equal to that of the DTPA functional group of thg30
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Table 2: PS of £40, A30, and Gd[N-4ab/Q-4ab}#30 at the BBB in th

e Normal Adult Mouse (B6SJ3L)

brain region /40 (n=14) AB30 (h=11) RI P Gd[N-4ab/Q-4ab]#&30 (n = 6) RI P
cortex 52.3+ 3.4 117.5+ 4.7 2.2 b 79.2+ 4.1 15 b
caudate-putamen 4193.2 101.8+4.1 25 b 65.8+ 4.7 1.6 c
hippocampus 48.% 3.2 113.8+5.2 2.3 b 89.4+ 6.2 1.8 b
thalamus 50.8& 3.4 136.0+ 6.1 2.7 b 84.4+ 3.8 1.7 b
brain stem 61.6-4.1 1344+ 6.1 2.2 b 92.2+5.9 15 c
cerebellum 65.5-4.5 131.9+ 5.0 2.0 b 102.8+ 7.4 1.6 b

aPS is the product of the permeability coefficient and the surface arg@@ € milliliters per gram per second, = SEM) determined over the
course of 15 min. Rl is the relative increase v§4A. P is the ANOVA with Bonferroni multiple comparisons vs540.° P < 0.001.¢P < 0.01.

peptide were sufficient for complete chelation of the peptide.

BBB Permeability of the Radioiodinategh Merivatives
in the Normal Adult MouseA330 had PS values ranging
from 102 to 136x 107 mL g~* st in the six different brain
regions (Table 1). The diamine-substitute@g3® had PS
values ranging from 121 to 175 10 mL g~ * s™%, which
were 1.+1.3-fold greater than the PS values fo330.
Gadolinium-substituted A30 exhibited a significant 50
60% decrease in permeability relative to that ¢gi3®. This
decrease in permeability was at least partially rescued by
the diamine substitution with the diamine- and gadolinium-
substituted derivative displaying PS values that ranged from
66 to 103x 108 mL gt s, or 20-40% lower than that
of A$30. In contrast, thé/, values were not significantly
different among these derivatives compared to thatZ8®
Although the gadolinium- and diamine-substituted derivative
exhibited a PS value decreased relative to that@8® this
value was still 1.5-1.8 times significantly higher than that
of ApB40 (Table 2), whose BBB transport is receptor-
mediated 19). The high PS value for this derivative,
therefore, may facilitate its delivery across the bleddain
barrier and, ultimately, its ability to target amyloid plaques
in the AD transgenic mouse brain.

Labeling of Amyloid Plaques in Human AD Brain Sections
in Vitro. HPLC-purified [23]A 840, [**3]A 530, [24][N-4ab/
Q-4ab]A330, or [9]Gd[N-4ab/Q-4ab]4830 was incubated
with sections of unfixed AD temporal lobe cortex (Figure
4). [**9]A B40 labeled most dense-core, neuritic-type plaques
(Figure 4C,D). Since this has been reported previously by
us (1) and othersZ0), [*?9]A 840 served as a positive control
for this study. F?]A 330 labeled only a very few neuritic
plagues in human AD sections (Figure 4E,F), even with
exposure times of>1 month. [?3][N-4ab/Q-4ab]A530,
however, labeled as many neuritic plaques &8 540
(Figure 4G,H). {?§][N-4ab/Q-4ab]A330 also labeled many
small amyloid deposits, whiléf]A 340 labeled only a few.
Furthermore, relatively moré?l][N-4ab/Q-4ab]A330 bound
to plaques than didf4]A 540 in the presence of equal

7 days to detect exposed silver grains witPAJA 540, it
required only 1 day to expose an equal or greater number of
silver grains with 234][N-4ab/Q-4ab]A330. [1?4]Gd[N-4ab/
Q-4ab]A330, which includes the MRI contrast enhancement
agent, Gd, showed the same pattern of labeling?a§[N-
4ab/Q-4ab]4830, with only a slight reduction in the relative
amount of exposed silver grains (Figure 41,J).

Labeling of Amyloid Plaques in ARAPS1 Transgenic
Mouse Brain in Vitro. [*?4]A 340 or [?9]Gd[N-4ab/Q-
4ab]A330 was then incubateith zitro with brain sections
from APP, PS1 mice to verify that the radioiodinated peptides
label amyloid deposits in AD transgenic mice in the same

G

Ficure 4: Labeling of amyloid plagues in human AD brain sections
in vitro. (A and B) Unfixed temporal lobe cortex section incubated
with buffer only and processed for antjfAIH and emulsion

amounts of peptide. This is apparent because while it requiredautoradiography (exposed for 7 days). (C and D) Sections incubated

Eridde - Pt e

with 100 pM [F29]A 540 (exposed for 7 days). (E and F) Section
incubated with 100 pM*PH]A 330 (exposed for 7 days). (G and
H) Section incubated with 100 pM$][N-4ab/Q-4ab]A530
(exposed for 1 day). (I and J) Section incubated with 100 B®i{
Gd[N-4ab/Q-4ab]#30 (exposed for 1 day). For panels A, C, E,
G, and |, the scale bar is 2%0n. For panels B, D, F, H, and J, the
scale bar is 2&m.

manner that they label amyloid plaques in human AD brain
sections (Figure 5). In contrast to the results with human
AD sections, ?9]A 540 and Y)Gd[N-4ab/Q-4ab]A830
displayed very similar patterns of plaque labeling. With equal
amounts of peptide, both labeled most of the neuritic plagques
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e,

Ficure 5: Labeling of amyloid plaques in APP, PS1 transgenic mouse hmaiitro. (A and B) Unfixed APP, PS1 mouse brain section
incubated with buffer only and processed for anfi-id and emulsion autoradiography. (C and D) Section incubated with 1004A540
(exposed for 1 day). (E and F) Section incubated with 100 ¥Gd[N-4ab/Q-4ab]4830 (exposed for 1 day). For panels A, C, and E,
the scale bar is 100m. For panels B, D, and F, the scale bar isulf.

and required the same duration of exposure (1 day) to achievgoolyamine itself does not bind to plaquds.(Alternatively,

a detectable amount of silver grains. The numerous smallthe addition of the diamine moieties to the peptide may
amyloid deposits present in the human AD sections were slightly alter the conformation of the peptide, increasing the
far less numerous in the APP, PS1 mouse sections, howeverexposure of the hydrophobic domain, so that it can bind more
The relative increase in the level of labeling &[]A 540 readily to the highly hydrophobig-amyloid in the plaques.

in mouse sections compared to human sections could be Labeling of Amyloid Plaques in ARAPS1 Transgenic
ascribed to slight differences in the3/eptides that make  Mouse Brain in Vio. The main purpose of this study was
up the plaques. It has been reported that tifep&ptides to determine if ?9]Gd[N-4ab/Q-4ab]A830 labels amyloid
contained in human plaques display a great deal of post-plaques in APP, PS1 transgenic mouse biainizo for
translational modifications such as N-terminal degradation potential use as an MRI contrast enhancement agent. One
and oxidation while those in mouse plaques do also, but to requirement of a putative MRI contrast enhancement agent
a far lesser exten2(). Therefore, there is a larger proportion for AD is that it must selectively label plaques. Since MRI
of intact, unmodified 440 for [}4]A 840 to bind to in mouse  studies are very expensive, a preliminary study using

plaques than in human plagues. The reas&t[N-4ab/Q- radioiodinated probes and autoradiographic detection could
4ab]A330 and [?9]Gd[N-4ab/Q-4ab]4830 displayed in- determine if the probe labels plaques, but at a fraction of
creased levels of labeling in human sectioims vitro the cost. The results of this study show tHa4JGd[N-4ab/

compared to’PA]A 840 and [?4]A 830 is the addition of the ~ Q-4ab]A330 does indeed label plaques in APP, PS1 mouse
diamine moieties. In previous studies, polyamine-modified brainin vivo following IV injection (Figures 6-9). Most
[*29]A 840 displayed an increased level of labeling of plagues plaques throughout the cortex and hippocampus were labeled.
compared to unmodified'{1]A 840, in both human AD A few labeled plaques could already be detected above
sectionsin vitro and APP, PS1 mouse braim vivo (1, 2). background after only 1 day of exposure, and after 6 days
In competitive binding studies, we have shown that the of exposure, all labeled plaques were clearly apparent above
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Ficure 6: Labeling of amyloid plaques in APP, PS1 transgenic FIGURE 7: Labeling of amyloid plaques in APP, PS1 transgenic
mouse brainn vivo after exposure for 6 days. Fixed, frozen brain mouse brairin vivo after exposure for 2 weeks. Fixed, frozen brain
sections from a 21-month-old APP, PS1 mouse after intravenoussections from a 21-month-old APP, PS1 mouse after intravenous
injection with 750ug of [*?3]A 540 (A and B), [?9]A 530 (C and injection with 750ug of [*29]A 540 (A and B), [?3]A 530 (C and

D), [*™][N-4ab/Q-4ab]A330 (E and F), or PA]Gd[N-4ab/Q- D), [**][N-4ab/Q-4ab]A330 (E and F), or PA]Gd[N-4ab/Q-
4ab]A330 (G and H) and after being processed for ani{A and 4ab]A330 (G and H) and after being processed for anti{& and
emulsion autoradiography. For panels A, C, E, and G (cortex), the emulsion autoradiography. For panels A, C, E, and G (cortex), the
scale bar is 5@m. For panels B, D, F, and H (CA1 subfield of the  scale bar is 5@m. For panels B, D, F, and H (CAL1 subfield of the
hippocampus), the scale bar is . hippocampus), the scale bar is B.

background. After 48 weeks, the exposed silver grains } ) o

reached confluence over many of the plaques a86% of p!aques in 'ghe retrosplenial cortex |nd|ca_ted that there was a
all plaques in the cortex and hippocampus had detectableh'ghly_ significant overall effect of peptides=(3,208) =
labeling. Plaques near blood vessels and ventricles tended®-49; P < 0.0001], as well as in the CA1 region of the
to be somewhat more intensely labeled. It is apparent from NiPPocampusf(3,208) = 41.52;P < 0.0001]. The mean

the results thatf3]A 840 and [23][N-4ab/Q-4ab]A330 also number of exposed s;lver grains was greater f8H][N-
labeled plaguei vivo. As in thein vitro results, 25]A 530 41213/ Q-4ab]4630 and [*]Gd[N-4ab/Q-4ab]A$30 than for

did not appear to label plagues at all, even after exposure[ 9]A 540 in both brain regions and exposure durations. Half.
for as much as 12 weeks. To determine if there was any of those means reached significance according to Bonferroni
difference in the plaque labeling efficiency of the peptides, Multiple comparisons. The number of exposed silver grains
exposed silver grains were then counted over plaques in thefor [*1]A 530 was similar to background and did not increase
cortex and hippocampus. with exposure duration, indicating that no labeling occurred.

Silver grains from sections exposed for 6 days and 2 weeks 1N€ results of Bonferroni multiple comparisons of the
were quantitated using unbiased, stereological techniquesindividual means of £9]A 540 versus F4]A 30, [*9][N-
The quantitative results revealed that the APP, PS1 mice#ab/Q-4ab]A30, or [*]Gd[N-4ab/Q-4ab]A30 are given
treated IV with [25]Gd[N-4ab/Q-4ab]A830 and [24][N- in Figure 10.
4_ab/Q—4a_b],9330 generally haq significantly more exposed DISCUSSION
silver grains over the plaques in the cortex and hippocampus
than mice treated with'{3]A 340 (Figure 10). Two-way The purpose of this study was to develop a molecular
analysis of variance (four peptides with two exposure probe capable of labeling amyloid plaquiesvivo that is
durations) of the number of exposed silver grains over nontoxic and also provides contrast enhancement that can
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o . FiGURe 9: Labeling of amyloid plaques in APP, PS1 transgenic
FiIGURE 8: Labeling of amyloid plaques in APP, PS1 transgenic 1, se prairin izo after exposure for 8 weeks. Fixed, frozen brain

mouse brairin vivo after exposure for 4 weeks. Fixed, frozen brain sections from a 21-month-old APP. PS1 mouse after intravenous
sections from a 21-month-old APP, PS1 mouse after intravenousinjection with 750ug of [123]A 440 (A and B), [29]A 30 (C and

injection with 750/19 of [125|]Aﬁ40 (A and B), E‘ZSI]Aﬁ3O (C and D) [125|][N_4ab/Q_4ab]Aﬁ30 (E and F) or ]Fsl]Gd[N_4ab/Q_
D), [**4][N-4ab/Q-4ab]A330 (E and F), or P4]Gd[N-4ab/ Qd 4ab]A330 (G and H) and after being processed for ari4® and
4ab]A330 (G and H) and after being processed for arffi{Al an emulsion autoradiography. For panels A, C, E, and G (cortex), the

emulsion autoradiography. For panels A, C, E, and G (cortex), the ; )
scale bar is 5@m. For panels B, D, F, and H (CA1 subfield of the a?;;%g:gqlsuz?nghggz:g%ng; ?s ng and H (CAL subfield of the

hippocampus), the scale bar is .

development of Gd[N-4ab/Q-4ab}i80 as a diagnostic probe
be detected by MRI for the potential use in clinical imaging for clinical MRI.
for the pre-mortem diagnosis of AD in human patients. We  Diamine substitution enhances not only the permeability
have described such a probe, Gd[N-4ab/Q-4#BJ3\ that of [*29]A 830 at the BBB, as demonstrated by higher PS
is a 30-amino acid derivative of 0 which truncates the  values, but also its ability to bind to amyloid plaques in
neurotoxic sequence of 0, has select diamine substitu- human AD brain sections. Whilé2fl]A 340 labeled amyloid
tions to increase its BBB permeability and level of binding plaques in human AD brain sectiois vitro, as reported
to plaques, and has a Gd-DTPA chelator arm to provide MRI previously (I, 20), the study presented here showed that
contrast enhancement. In addition, the complete chemical['>]A 330 labeled only very few plaques. Diamine substitu-
synthesis of this probe eliminates formation of peptide cross- tion, however, significantly enhanced the ability Ef]A 530
linking aggregates and insolubility that affected the carbo- to bind to amyloid plagues. Moreover, the enhanced level
diimide-mediated modification of #40 with putrescine. We  of labeling was greater than that of?J]A 340, which
have shown that although Gd-DTPA substitution decreasesrequired 7 days to expose a substantial amount of silver
the BBB permeability of £30, diamine substitution partially — grains, compared to only 1 day fdffi][N-4ab/Q-4ab]AG30
rescues the BBB permeability which is significantly higher or [*?4]Gd[N-4ab/Q-4ab]4630. This is not due to binding
than that of A640. Furthermore, radioiodinated Gd[N-4ab/ of the diamine itself to the amyloid, however. In a previous
Q-4ab]A330 labeled amyloid plaques vitro in both human study, we demonstrated that when putrescine-modified
AD and APP, PS1 mouse brain sections. More importantly, [**4]A 340 was co-incubated on human AD brain sections
Gd[N-4ab/Q-4ab]/30 extensively labeled plaques through- with a 10-fold excess of cold putrescine, there was no
out the brain of an APP, PS1 mousevivo following IV decrease in the amount of exposed silver grais If is
injection. These data provide promising results for the further possible that diamine substitution induces a conformational
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250 1 s AR4O in vivo in APP, PS1 mice following IV injection, albeit to a
. B 1251-AR30 T slightly lesser extent based on the slightly smaller numbers
5 200 [ rasy.[N-4ablQ-4ab]AB30 of silver grains over the plaques labeled witB3I]A 540,
g B'21-Gd[N-4ab/Q-4ab]AB30 the covalent attachment of Gd-DTPA would be necessary
';‘c: 150 | to provide the contrast enhancement for the labeled plaques
5] to be able to be detected by MRI, which is the only diagnostic
g 100 imaging technique with a resolution sufficiently high enough
o to be able to detect individual plaques. Gd-DTPA substitution
g 50 | alone, however, decreases the BBB permeability A&
and was shown not to provide contrast enhancement of
g L plaques during MRI of APP, PS1 mouse brais vivo
*""’“r“j‘:t'f:::leml pecks 8 Da’:ippocampiw‘*"s following IV injection of Gd-A340 (2). Only after polyamine
ns, *, % . Bonferroni vs, 1251-AR40 modification, which increases the BBB permeability of Gd-

Ficure 10: Quantitation of exposed silver grains on amyloid Ap40, was (PUT-)Gd-f40 shown to provide contrast
plaques in the retrosplenial cortex and hippocampus of 21-month- enhancement of plaques following IV injection during MRI

old APP, PS1 mice. On the ordinate is plotted the mean number of Of APP, PS1 mouse brainex vizo (2). Although we
exposed silver grains per 1Q@m? quantitated by stereological previously reported that polyamine-modified G@40 pro-
methods. On the abscissa are plotted the brain region and exposurgided selective contrast enhancement of plaques in APP, PS1
time. Analysis of variance was performed followed by Bonferroni jce following IV injection andex zizo MRI (2), the study
tests of multiple comparisons. The results of Bonferroni compatri- ’
sons of [29]A 40 vs [?4]A 330 and its derivatives are included presented here S“PF’O”S the development of Gd[N-4ab/Q-
in the graph. See the text for details. 4ab]A530 as a putative MRI contrast enhancement agent over
polyamine-modified Gd-£40 because B30 truncates the
change in the peptide that enlarges its hydrophobic domainneurotoxic amino acid residues found 840 and is not

and thus its affinity for the highly hydrophobic amyloid amyloidogenic like 840. Future toxicology studies might

plaques. require further truncation (or possibly elongation) g$39.
When [F9]AB40 or [PI]Gd[N-4ab/Q-4ab]l4830 was The electrospray ionization mass spectrometry indicates that
incubated with APP, PS1 mouse brain sectioamsitro, equimolar concentrations of Gd and the DTPA functional

however, a slightly different result was observed. Both groups of the &30 peptide were sufficient for complete
peptides demonstrated relatively equal labeling of amyloid chelation of the peptide. Because of the toxicity of free Gd,
plagues, both requiring only 1 day of exposufédJA 540, appropriate chromatographic procedures would be required
therefore, demonstrated enhanced binding to amyloid plaquego ensure that there is no free Gd in the preparation prior to
of APP, PS1 mouse brain sections compared to human ADadministration to a patient. Our studies with Gd[N/Q-
sections. As discussed briefly in the Results, tifepptides  4ab]A330 injected intravenously in mice at doses from 0.5
contained within AD transgenic mouse plaques have a muchto 3.1ug have not resulted in any obvious toxic effects. Also,
lower extent of post-translational modifications such as itis not known if this contrast agent remains on the amyloid
N-terminal degradation and oxidatioRl). Therefore, there  plagques over time and whether this might be detrimental to
is a larger proportion of intact, unmodifiedsA40 in mouse the patient. Rigorous toxicity studies would be required prior
plaques, allowing more'{3]A 540 to bind than in human  to use with patients.
AD plagues, and thus requiring a shorter exposure duration The percent of injected dose of the radiolabeled peptides
to achieve the same relative density of exposed silver grains.that entered the brain in the study presented here was similar
While it is apparent from the results th&t9]A 40, [49]- to that observed for native and polyamine-modified4@
[N-4ab/Q-4ab]A630, and [2]Gd[N-4ab/Q-4ab]4630 all in our previous reportl), ranging from 0.03 to 0.35% with
label plaguesin vivo, only [*29]Gd[N-4ab/Q-4ab]4830 AB30 and A340 exhibiting the lowest level of uptake and
includes a Gd-DTPA moiety which provides contrast en- the diamine-modified peptides the highest. These results are
hancement that could be detected by MRI. In a previous similar to the BBB permeability measurements in which
study, we reported that$l]A 440 did not label plagques in  polyamine- and diamine-modified peptides exhibit signifi-
APP, PS1 micen vivo, but did so only after polyamine cantly increased BBB permeability. The percent of injected
modification (). Even with polyamine modification, labeled dose for radiolabeled 240 in this study is similar to that
plaques were observed primarily in the medial septum and reported by another laborator23). The amount of peptide
hippocampus with few labeled plagues observed in the that is retained on the plaques over time is unknown.
cortex. In that study, much smaller doses of peptide were Extensive time-course and pharmacokinetic studies are
used (20Qug vs 750ug). Furthermore, APP, PS1 mice at currently underway in our laboratory. In relation to MRI,
27 weeks of age were used in the earlier study, which would most commonly used Gd-labeled contrast agents do not cross
have far fewer and smaller neuritic plagues than the the BBB. The development of target and organ specific MRI
21-month-old mice used in this study. While it might be contrast agents is a relatively new field of research, and few
hypothesized that the BBB of a 21-month-old APP, PS1 data are available. We have shown previously, however, that
mouse may be more permeable than that of a 27-week-oldGd-labeled, polyamine-modified40 labels amyloid plaques
mouse, accounting foin wivo labeling of plagues by in quantities sufficient to be detected by MRIgrvivo APP,
[*?9]A 540 in this study but not in the previous study, in PS1 transgenic mouse brain following IV injectiokhil).
another study, we found no alterations in BBB permeability = The intent of this study was to design a contrast agent
of APP, PS1 mice up to 12 months of ad&); Even though that would allow the detection by MRI of amyloid plaques
in this study [?4]A 540 was shown to label amyloid plaques in the brain of live AD mice and, ultimately, AD patients.
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Contrast-enhanced, clinical brain MRI examinations routinely which was reserved for Gd addition. It has not been
use biologically stable gadolinium chelates, such as gado-determined if fewer or more selective Asp and Glu substitu-
linium diethylenetriaminepentaacetic acid (Gd-DTPA). Gd- tions will result in even more enhanced targeting to amyloid
DTPA causes a greatef; acceleration effect tham, plaques. Selective substitution of the five Asp and Glu
acceleration; hence, it is primarily tfig acceleration effect  residues would require evaluation of 120 possible combina-
of Gd that is exploited in clinical imaging. The basis for the tions. It is reasonable that at least one of these combinations
visualization of amyloid plaques via contrast enhancement will give improved targeting to the amyloid plaques. Indeed,
in MR, therefore, is the acceleration of tfie relaxation selective substitutions of these residues may provide insight
rate of tissue water protons near amyloid plaques that haveinto the mechanism of enhanced binding to amyloid plaques.
been specifically targeted by the Gd-tagged molecular probe. Our previous studies have demonstratedzold higher
This has been particularly useful for detecting amyloid V, values for the Dutch variant ofAthan for normal human
plagues in the living AD mouse in high-field strength MRl A31—-40 (16). The Dutch variant is caused by a missense
(manuscript in preparation). mutation in the3-amyloid precursor protein that results in a

While gadolinium complexes are routinely used as MRI Glu-to-GIn substitution at position 22 in the3&lomain @7).
contrast agents in clinical imaging, other lanthanide ion This rare autosomal dominant disorder is characterized by
coordination complexes may allow for even greater enhancedextensive cerebral amyloid angiopathy with recurrent and
relaxation at higher field strength23, 24). Paramagnetic  often fatal intracerebral hemorrhages by 50 years of 28e (
CEST agents such as EuTb®t, Dy®*, ERT, Tm3*, or Yb** 32). The finding of significantly increased, values indicates
alter tissue contrast via chemical exchange saturation transfeincreased adherence to the vessel walls in different brain
of presaturated spins to bulk wateR5( 26). The T, regions, which is consistent with the heavy Aeposition
acceleration and contrast enhancement of Gd and especiallthat has been described in intracerebral vessels with this
Fe have been shown to saturate at very high field strengths,variant. Because of the structural similarities of GIn at
however, while these other lanthanides do ref)( thus position 22 with glutamyl-4-aminobutane that was synthe-
taking full advantage of the increased resolution of very high sized in this study, we thought that not modifying this
field strengths. In future studies, the diamine-modifiel A position might significantly reduce thé, values, allowing
derivative could readily be complexed to PARACEST agents for the possibility of even higher PS values and more efficient
for enhanced MRI contrast via water protein exchange of targeting to amyloid plaques. A comparison of [N-4ab/Q-
amyloid plaques at high field strengths. In the meantime, 4ab]A530 with and without Q-4ab at position 22, however,
since these PARACEST agents have not been tested inrevealed no significant differences in the PS\grvalues
human patients and Gd requires much higher field strength (data not shown). This observation exemplifies the remark-
to saturate than Fe, Gd provides an adequate contrastble structural specificity of the missense mutations whereby
enhancement agent for the development of a diagnosticelevatedv, values observed for the Dutch mutation (glutamine)
probe. are not duplicated with glutamyl-4-aminobutane at position

The spatial resolution of MRI is approximately-380 #m, 22.
a resolution at which individual plaques that vary in size  In summary, Gd[N-4ab/Q-4ab[#80 is a derivative of
from 2 to 200um in human AD patients should be able to  A340 that demonstrates increased BBB permeability and the
be resolved. This likely will require high magnetic field ability to label amyloid plaquem vitro in both human AD
strength of>7 T. Using a high-field strength magnet at 9.4 and APP, PS1 mouse brain sections, as welhagvo in
T, we have been able to image individual plaques in the live APP, PS1 mice following IV injection. The chemical
AD transgenic mouse oif-weighted relaxation with an  synthesis ofN-a-Fmoc+-aspartyl8-N-(4-aminobutyl)car-
imaging time of 67 min and a spatial resolution of /8@ x bamic acidtert-butyl ester 8a) and N-a-Fmoc+.-glutamyl-
60 um x 120 um (C. R. Jack, Jr., et al., manuscript in  §-N-(4-aminobutyl)carbamic acidert-butyl ester 8b) as
preparation). Such imaging time can be used for patients, described in this study and its substitution for Asp and Glu
although this is not yet ideal. It is possible that with further residues during peptide synthesis may be a general procedure
optimization of the imaging parameters, we might be able for enhancing protein delivery across the bleduain barrier.
to decrease this time. Since most clinical magnets are 1.5 orOf course, it is important that these substitutions not affect
3T, our diamine- and gadolinium-substitutef derivative the bioactivity of the final product. This chemical synthesis
would probably not be able to visualize enhancement of approach might have wide applications for the delivery of
individual plaques at this lower field strength. Instead, the diagnostic and therapeutic proteins across the bidoelin
objective would be to visualize bulk tissue enhancement in barrier for both the diagnosis and treatment of AD, as well
cortical areas that contain plaques compared to brain areass other neurodegenerative disorders.
devoid of plaques. This is analogous to the imaging by micro
positron emission tomography (PET), which has a spatial ACKNOWLEDGMENT
resolution of~2 mm using probes labeled with radioisotopes.
For clinical imaging by PET, therefore, our diamings A
derivative could be labeled with radioisotopes such?ds
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visualization of bulk tissue enhancement of the diamine-
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