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There is currently no method for noninvasive imaging of amyloid
B (AB) deposition in Alzheimer’s disease (AD). Because ApB
plaques are characteristic of AD and AB deposits contain abun-
dant heparan sulfate proteoglycans that can bind basic fibro-
blast growth factor (bFGF) and serum amyloid P component
(SAP), we investigated a novel route of ligand delivery to the
brain to assess AB deposition in a transgenic (Tg) mouse model
overexpressing AB-protein precursor. Methods: The biodistri-
bution of bFGF injected intranasally was studied using %5I-
bFGF in Tg and wild-type control mice and by unlabeled bFGF
and SAP immunocytochemistry with light and electron micros-
copy. Results: Three- to 5-fold higher amounts of 125|-bFGF
were found in the brain of Tg mice than that of wild-type mice
(P < 0.05). bFGF or SAP given intranasally labeled cerebral AR
plagues in the cortex and microvessels of Tg mice but not in
wild-type mice. Weak bFGF staining and no SAP staining were
detected in Tg mice without intranasal injection of the ligands.
bFGF and SAP stained neurons around the rim of AR deposits
and throughout the cortex in Tg mice. There was only weak
staining of neurons in Tg mice without intranasal injection of
bFGF and no staining of SAP in Tg mice without intranasal
injection of SAP. No bFGF or SAP staining was evident in
wild-type control mice. Conclusion: We report a novel nonin-
vasive method for labeling AB plaques. This method may be
modified for human studies using intranasal injection of radio-
labeled ligands and imaging with SPECT or PET.
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Alzheimer’s disease (AD), a progressive neurodegen-
erative disease, is the leading cause of dementia in North
America and Europe. Dementia is an acquired impairment
in mental abilities involving deficits in memory, language,
visuospatial skills, judgment, personality, and cognition.
Currently, diagnosis of AD is based on clinical symptoms
and signs and the exclusion of other causes of cognitive
impairment. Because of delay in recognition of AD, it is not
unusual for patients to seek medical care only after the
disease has become well established. Patients with AD have
deposits of the amyloi@ (AB) protein in the association
cortex and limbic system. The A protein is a 40- to
42-amino acid polypeptide that is deposited in brain and
brain vessels as insoluble protease-resistant fibrils with a
B-pleated sheet structure. It is believed that tHe pkotein

is toxic to neurons and nerve terminals. Becauged&po-
sition is one of the earliest and most characteristic patho-
logic features of AD and progression of AD is thought to be
the result of an abnormal production ofgAand of its
progressive accumulation in neuritic plaques, it is important
to develop a ligand to use for the noninvasive assessment of
AR deposition in the living human brain. Such a ligand
would aid in the diagnostic evaluation of patients with AD
and in determining the effects of potential treatments that
alter AB aggregation and depositioth,2). A method of A3
imaging will also enable researchers to investigate the neu-
ropathologic progression of AD in its early stages in sub-
jects with familial and sporadic forms of the disease as well
as those with Down syndrome.

Studies with PET and SPECT have shown decreased
cerebral metabolism of glucose and oxygen and decreased
regional cerebral blood flow in the temporal and parietal
cortices in the diseasd)( Although these regional meta-
bolic alterations are found reliably in AD, even in the early
stages, they do not provide a definitive diagnosis of the
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disease. Previously we studied SPECT imaging in AD using
10H3, a monoclonal antibody targeting AR protein 1-28,
labeled with #mTc (1,3). Nonspecific diffuse labeling of
10H3 around the scalp and calvarial bone marrow was
found without evidence of cerebral antibody uptake (3).
Lovat et a. (4) have used serum amyloid P component
(SAP) labeled with 23 and successfully imaged amyloid
deposits in peripheral tissues of subjects with systemic
amyloidosis. However, the authors were unable to show
cerebral amyloid deposits in AD with SAP labeled with
either 123 or 124 using SPECT or PET (5). Klunk et al. (6)
have evaluated chrysamine G, an analog of Congo red, as a
candidate molecule for AR imaging. Although in vitro stud-
ies showed high-affinity binding of chrysamine G to AB
protein, no success in the in vivo studies has been reported.
Iron has been found in AR plaques (7), and Bartzokis et al.
(8,9) quantified brain tissue iron with MRI on the basis of
the field-dependent effects of ferritin on transverse relax-
ation time. The iron content in AD was significantly higher
in the caudate and globus pallidus than that in control
subjects. However, none of these methods has been devel-
oped sufficiently to provide diagnostic or in vivo informa-
tion about brain amyloid burden.

We have reported high-affinity binding of basic fibroblast
growth factor (bFGF) and SAP to AR deposits in vitro
through interactions with heparan sulfate proteoglycans in
AD brain sections and transgenic (Tg) AR-protein precursor
(ABPP) mouse brain sections (2). SAP has been used widely
to label amyloid deposits in systemic amyloidosis (4,5).
However, the delivery of bFGF (16,400 Da) to the brain
cannot be achieved through the circulation because of the
blood-brain barrier restriction to large molecules. SAP
(235,000 Da) also has a poor blood—brain barrier penetra-
tion. Thorne et a. (10) have reported a quantitative analysis
of drug delivery to the rat brain using the olfactory route.
The only rate-limiting mechanism for an agent to enter the
brain through the nose is diffusion because olfactory epi-
thelial cells have open intercellular clefts (11). We have
focused on the complementary approach of radioligand
delivery through the nasal epithelium where olfactory bulb
neurons contact the external environment directly through
the cribriform plate. We report our results using a novel
route of nasal injection of bFGF and SAP in mice to target
AR protein in the brain as a possible diagnostic method for
amyloid imaging in AD.

MATERIALS AND METHODS

Animals

Tg(+) mice overexpressing ABPP (all male; age, 20 mo) (12)
and non-Tg littermate controls (all male; age, 20 mo) were ob-
tained from Parke-Davis (Ann Arbor, MI; and Pharmacia Corp.,
Piscataway, NJ). They were housed at the Case Western Reserve
University animal facility with a 12-h light/12-h dark cycle and
free access to food and water.
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Biodistribution of 1251-bFGF

Three groups of experimental animals were used in studying the
biodistribution of 1%5-bFGF: (a) Tg(+) mice with intranasal in-
jection of 1?51-bFGF (2.5 MBg/g; NEN Life Science Products,
Boston, MA; human, recombinant, Bolton—Hunter labeled), n = 5;
(b) wild-type mice with intranasal injection of 1°I-bFGF, n = 5;
and (c) Tg(+) mice with intravenous injection of 125-bFGF,
n=2

Mice were anesthetized by sodium pentobarbital (15 mg/kg,
intraparenterally) before 1251-bFGF injection. For mice in the first
2 groups, 6 drops (1.5 wL each) of 125-bFGF (1,850 kBg/pL per
10 g of body weight) were injected by a tapered-end plastic tip to
each nostril, 1 drop every 5 min with the mouse supine. After each
intranasal injection, the mouth was covered for 30 s to maximize
penetration of 1251-bFGF. For mice in the third group, the tails were
warmed for 10 min under a light bulb and 12%1-bFGF was injected
in the tail vein. Three hours after the first dose of 1251-bFGF, mice
were killed by pentobarbital overdose (100 mg/kg), and organs
were collected and placed in weighed vials for counting the radio-
activity. The brain regions were dissected into olfactory bulb,
frontal and parietal cortex, hippocampus, and cerebellum accord-
ing to mouse brain atlas mapping. Each injected dose was weighed
and the actual injected dose was determined using standards. The
standards were prepared by averaging the radioactivities of 2
mixtures of 0.1 mL distilled water and 1 pL 1%I-bFGF. These data
were used to calculate uptake in each tissue sample in terms of
percentage of injected dose per gram of tissue (%I D/g). The %ID/g
was then multiplied by the measured body weight of each animal
(%ID/g X anima weight/100) to obtain the normalized organ
uptake, which is the fractional dose uptake per fractiona body
weight. The normalized uptake values were then compared with
that of blood to obtain the tissue-to-blood ratio as the final value
for comparison among groups (using 1-way ANOVA).

Immunocytochemistry

Three groups of experimental animals were used in the immu-
nocytochemistry: (a) Tg(+) mice with intranasal injection of hu-
man recombinant bFGF (gift of Barbara Cordell; Scios, Sunny-
vale, CA) (2.2 mg/mL in phosphate-buffered solution containing 1
mmol/L dithiothreitol [DTT] and 0.1% bovine serum abumin, pH
7.0) (Tg(+) + bFGF), n = 7; or Tg(+) mice with intranasal
injection of SAP (Calbiochem, Mountain View, CA) (2.2 mg/mL
in phosphate-buffered solution containing 1 mmol/L DTT and
0.1% bovine serum albumin, pH 7.0), n = 6; (b) wild-type mouse
with bFGF intranasaly (Tg(—) + bFGF), n = 3; wild-type mice
with SAP intranasally (Tg(—) + SAP), n = 3; and (c) Tg(+)
mouse with vehicle solution intranasally (Tg(+) — bFGF or SAP),
n=6.

All animals were anesthetized intraparenterally with pentobar-
bital (20 mg/kg) before intranasal injection of bFGF or vehicle
solution. Six drops (1.5 pL each) of bFGF (2.2 mg/mL) or SAP
(13.8 mg/mL) or vehicle solution were injected intranasally to each
nostril as described. Animals were killed by pentobarbital over-
dose (100 mg/kg) 3 h after thefirst dose. Brains were collected and
fixed in methacarn (methanol/chloroform/acetic acid, 6:3:1) solu-
tion for 24 h before dehydration and embedding in paraffin. Sec-
tions were cut at 6 wm and mounted on glass microscope slides
coated with Silane (Sigma, St. Louis, MO).

Antibodies used included 4G8, a monoclonal antibody to AB-
recognizing residues 17-24 (13); rabbit antiserum to AR 1-42;
antibodies to the ABPP (14) and p141-155, a polyclonal antibody
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to bFGF (gift of Barbara Cordell; Scios); and polyclonal anti-SAP
(Dako Corp., Carpinteria, CA). Immunolabeling was detected by
applying the peroxidase-antiperoxidase procedure with 3,3'-dia-
minobenzidine as cosubstrate (2,15). We also counterstained brain
sections with Congo red. Primary antibody was omitted for the
negative control.

Preembedding Immunogold Cytochemistry

Experimenta ABPP Tg mice (n = 3) and age-matched non-Tg
mice (n = 3) were given intranasal bFGF (44 .g) or vehicle solution.
Under terminal anesthesia, mice were perfused through the heart with
phosphate-buffered saline containing heparin (1,000 1U/mL) followed
by 4% paraformaldehyde solution for 30 min. After perfusion, brains
were immediately transfixed in 4% paraformaldehyde solution over-
night. After treatment with gradient solutions of sucrose, brains were
diced using aVibratome (The Vibratome Co., . Louis, MO) (50—80
pm) and coronal brain sections were processed for preembedding
immunogold labeling with antibodies against AR protein 1-42 or
bFGF. Brain sections were incubated in Tris buffer solution contain-
ing 3% hydrogen peroxide and 50% methanol for 1 h a room
temperature and then with 10% normal goat serum (NGS) for 1-2 h
at room temperature. Sections were incubated with the primary anti-
body (1:500) overnight at 4°C followed by washing with 1% NGS (3
timeswith 10- to 15-min intervas) and incubation with 10% NGS for
10-15 min at room temperature. Samples were then incubated with
gold-labeled secondary antibody (goat anti-rabbit 1gG coupled to
17-nm gold, diluted in water 1:5) overnight at 4°C. After checking,
the sections were rinsed to remove excess gold label. The same
procedures were gpplied for secondary labeling using antibodies
against AB protein or bFGF. Omission of the primary antibody was
used as a control. Brain dices were postfixed in 2% glutaraldehyde
overnight. The samples were then exposed to several subsequent
washes and postfixed with 1% osmium tetraoxide in cacodylate buffer
for 1 h. Tissues were washed again with Tris, dehydrated through the
gradient concentration of acohol and propylene oxide, and embedded
in low-viscosity Spurris medium (Fisher Scientific Co., Fair Lawn,
NJ). Selected brain sections were sectioned on an ultramicrotome.
Thin sections were counterstained with uranyl acetate and lead citrate
and examined using aJJEOL 1200 CX TEM microscope (JEOL USA,

Inc., Peabody, MA) operating at 80 kV.

RESULTS

Biodistribution of Nasal 125I-bFGF in Periphery
and Brain

Three hours after nasal injection of %51-bFGF, we de-
tected a high uptake of radioactivity in the trachea and
stomach of Tg(+) and wild-type mice. We detected 3- to
5-fold higher amounts of 25|-bFGF in the olfactory bulbs
and frontal, parietal, and hippocampa regions of Tg(+)
mice than that of wild-type mice (P < 0.05) (Fig. 1A),
whereas no difference was found in peripheral tissue uptake
of 1%]-bFGF between Tg(+) and wild-type mice (Fig. 1B).
Intravenous injection of 1251-bFGF in either Tg(+) or wild-
type mice did not produce brain uptake of bFGF, and
biodistribution after intravenous injection of bFGF did not
differ between Tg and wild-type mice.
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Light Microscopic Study of bFGF and SAP Localization
in ABPP Tg Mouse Brain

Nasally injected SAP binds to amyloid plagues in the Tg
mouse brain, as detected by antibody against SAP (Fig. 2B),
but not in Tg mice that did not receive SAP intranasally
(Fig. 2D). Adjacent serial sections show the amyloid
plaques stained for ABPP. The pattern of immunolabeling
was similar to that of bFGF immunostaining. However, the
intensity of immunostaining was higher with SAP than with
bFGF. Nasally injected bFGF bound to neurons around AR
deposits in the frontal, parietal, and occipital regions in
To(+) mice (Fig. 3).

Electron Microscopic Study of bFGF Localization in
ABPP Tg Mouse Brain

Tg(+) mice contained amyloid plaques throughout the
brain parenchyma in the form of parallel-oriented bundle
structures outside neuronal cell bodies. In Tg(+) mice that
received intranasal bFGF, gold particles representing bFGF
immunoreactivity were seen in the core of A bundles in
the cortex (Fig. 4B—4D). Tg(+) mice that did not receive a
bFGF injection had no bFGF immunoreactivity in amyloid
plaques (Figs. 4A and 4B), perivascular areas adjacent to
amyloid deposition (Figs. 4C and 4D), or cerebral cortex
and microvessels (Figs. 4B and 4C). Age-matched Tg(—)
mice did not show A fibers or bFGF immunolocalization.

DISCUSSION

We have used a novel noninvasive method for labeling
AD brain pathology. The olfactory system isthe only part of
the nervous system in which neurons are in direct contact
with the external environment, because the olfactory mu-
cosa is composed of neurons transversing the cribriform
openings at the base of the anterior fossa. The nose-brain
barrier is porous because it lacks tight junctions. Our data
showed that nasally injected bFGF and SAP enter the brain
and are retained in brain regions containing AR plaques in
ABPP Tg mice but not in wild-type mice.

We reported previously that bFGF and SAP bind to AR
plaques in the ABPP Tg mouse brain in vitro. In this study
we observed consistently by electron microscopy that after
intranasal injection bFGF and SAP were present in regions
where AR plagues were also present. Intranasally injected
bFGF was found in 3- to 5-fold higher amounts in the
olfactory bulb and frontal, parietal, and hippocampal re-
gionsin Tg mice compared with that in wild-type mice. The
high-affinity binding of bFGF and SAP to AB plaques
through its interaction with heparan sulfate proteoglycan
provides a high signal-to-noise ratio for labeling AR
plaques. bFGF has been shown to play an important role in
regulating angiogenesis, vascular remodeling, and vascular
tone, as evidenced by bFGF knockout mice that present
decreased vascular smooth muscle contractility (16,17).
bFGF is elevated in AD brain, which may be a compensa-
tory response to vascular abnormalities in AD, including
decreased capillary diameter (18) and atrophy of the capil-
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FIGURE 1. Biodistribution of 125]-bFGF in 2 groups of experimental animals, Tg(+) and control, given intranasal injection of
125-bFGF (33.3 MBqg/u.L per 10 g of body weight). (A) Brain distribution of 125]-bFGF is depicted as mean + SD (n = 5 in each group).
*P < 0.05 vs. control. (B) Whole-body distribution of '25-bFGF is depicted as mean = SEM (n = 5 in each group). When SEM is
not depicted, it was too small to be shown.

lary endothelium (19). In this study we observed that bFGF  indirectly by regulating and increasing the blood supply that
immunostaining of neurons adjacent to AR plaques was carries oxygen and nutrients. Alternatively, events that cause
evident in Tg mice without bFGF input. bFGF may help AR deposition may aso cause bFGF and its receptor upregu-
these neurons directly by its trophic effects or aid them lation through a common pathway, such as oxidative stress.
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FIGURE 2. Adjacent serial sections indicate that immunostaining with antisera to ABPP shows localization of amyloid plaques (A)
and that intranasally injected SAP binds to amyloid plaques in Tg mouse cortex as detected by antibody to SAP (B). (D) Brain
sections from Tg mice receiving bovine serum albumin plus vehicle immunostained for SAP show no reaction in amyloid plaques,
although many plaques are seen on adjacent serial sections stained for ABPP (C). Scale bar = 50 p.m. Arrows mark same plaques
in serial sections (A and B) and (C and D).

1"4 T PR,
. BN L B S B
FIGURE 3. Light microscopic study of bFGF localization in ABPP Tg mouse cortex, with and without intranasal bFGF injection. bFGF is not
readily detectable in neurons in Tg(—) mice after receiving bFGF intranasally (A) or in Tg(+) mice without bFGF injection (B). (C) Nasally injected
bFGF bound to cytoplasm of neurons around AB deposits in frontal, parietal, and occipital regions in Tg(+) mice. Scale bar = 50 pm.
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FIGURE 4. Electron microscopy immunogold staining in neuritic plagues in Tg(+) mouse cortex. (A) Tg(+) mice with intravenous
injection of bFGF do not show presence of bFGF in brain (original magnification, X8,000). (B) Same area as in A under higher
magnification (X20,000). (C) Representative electron micrograph shows that peripheral margins of neuritic plaques from animals
that received bFGF intranasally contain bFGF immunogold reactivity (original magnification, xX50,000). (D) bFGF is also associated

with amyloid fibrils in plaque after intranasal injection (original magnification, x50,000). Arrows indicate bFGF gold labeling. Scale
bars = 10 nm.

" bl

IN Vivo LABELING oF AmYLoID 3 PrOTEIN ¢ Shi et al. 1049



Others have reported recent progress toward the goal of
developing an amyloid imaging method useful for human
studies. Skovronsky et a. (20) have reported a promising
compound, (transtrans)-1-bromo-2,5-bis(3-hydroxycarbonyl-4-
hydroxy)styrylbenzene (BSB), that possesses the capability
in binding to B-pleated structures, a major component of
neurcofibrillary tangles, neuritic plaques, Lewy bodies, and
glia cell inclusions. BSB was shown to remain stable for at
least 18 h on intrathecal or intravenous injection. The quan-
tification of stability and binding kinetics of radiolabeled
BSB is yet to be determined.

Styren et al. (21) have developed Congo red analogs as
amyloid imaging agents in an extensive set of experiments,
which have not yet included imaging. Putrescine-modified
APB peptide has been shown to label cerebral amyloid de-
posits in transgenic AD mice (22). Barrio et al. (23) have
used a derivative of naphthaene (2-(1-(6-[2-8F-fluoro-
ethyl)(methyl)amino]-2-naphthyl)ethylidene)mal ononitrile
[8F-FDDNP]) with PET and found entry into the brain in
proportion to the blood flow, with slower clearance of the
ligand from regions expected to have neurofibrillary tangles
and neuritic plaques. 8F-FDDNP has not yet been studied
extensively in vitro, and brain uptake patterns of the mole-
cule cannot be explained completely by binding to AD brain
lesions.

PET studies of intranasally injected glucocorticoids (used
to treat asthma and other respiratory conditions) have been
reported in human studies of the biodistribution of drugsin
the lungs and sinuses (24). Uptake in the sinuses on the
order of 1% of the injected dose has been quantified in these
PET studies. In this study we observed that most bFGF
injected intranasally enters and is wasted in the trachea and
lungs, which lowers the bioefficiency of bFGF uptake to the
brain. Thisresult ismost likely caused by bulk aspiration of
the solution during injection due to the small nasal passages
of the mouse and the relatively large droplets that form.
Nasal spray devices would be necessary to administer con-
centrated bFGF or SAP if this method were adapted for
human subjects. Previous data show that nasal sprays in
humans do not deposit measurable dosages into the trachea
(24). Our method may be modified for human studies using
intranasal injection of bFGF or SAP or other ligands such as
AB or apolipoprotein E labeled with radionuclides and
imaging with SPECT or PET. Fragments of the bFGF
molecule may be desirable (25), if binding characteristics
can be maintained while losing possibly hazardous growth
factor properties. It would also be valuable to study the
spatial and temporal distribution of bFGF or SAP and its
dynamicsin relation to amyloid distribution. For PET stud-
ies, radiation dosimetry and the optimal time course would
also have to be determined in animal studies.

CONCLUSION

We have shown transport of bFGF and SAP to the brain
through the nasal route. Nasally injected bFGF and SAP

1050 THE JouRNAL OF NUCLEAR MEDICINE ¢ Vol. 43 o

bind AB plagues in vivo in the ABPP Tg mouse. This
relatively simple noninvasive method, using widely avail-
able neuroimaging methods, may allow for detection of AD
pathology and evaluation of anti-amyloid therapy (26) in
living patients.
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