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Abstract

Purpose: Caution is warranted when in vitro results of biomarkers labeled with tritium were
perfunctorily used to criticize in vivo data and conclusions derived with the same tracers labeled with
positron emitters and positron emission tomography (PET). This concept is illustrated herein with the
PET utilization of ["®F]JFDDNP, a biomarker used for in vivo visualization of B-amyloid and tau protein
neuroaggregates in humans, later contradicted by in vitro data reported with [°*HJFDDNP. In this
investigation, we analyze the multiple factors involved in the experimental design of the [°[HJFDDNP
in vitro study that led to the erroneous interpretation of results.

Procedure: The present work describes full details on the synthesis, characterization, purity, and
kinetics of radiolytic stability of [°(HJFDDNP. The optimal in vitro conditions for detecting tau and
B-amyloid protein aggregates using macroscopic and microscopic autoradiography with both
['8F]FDDNP and [®H]JFDDNP are also presented. Macroscopic autoradiography determinations
were performed with [H]JFDDNP of verified purity using established methods described
previously in the literature.

Results: The autoradiographic results using phosphate buffered saline (PBS) with less than 1 %
EtOH and pure, freshly prepared [°HJFDDNP compared with the earlier reported data using
[®HJFDDNP of undetermined purity and PBS in 10 % EtOH demonstrate the critical importance
of rigorous experimental design for meaningful in vitro determinations. ['®F]JFDDNP binding to
both amyloid plaques and neurofibrillary tangles was confirmed by amyloid and tau
immunohistochemical stains of adjacent tissues.

Conclusions: This work illustrates the sensitivity of in vitro techniques to various experimental
conditions and underscores that conclusions obtained from translational in vitro to in vivo
determinations must always be performed with extreme care to avoid wrong interpretations that
can be perpetuated and assumed without further analysis.
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design and whether that experiment can stand for a greater
scientific concept—i.e., in vivo tissue target sensitivity and
specificity—is the construct validity of that experiment [1].
The key to interpreting the results of in vitro experiments—i.e.,
whether or not an experiment is a valid construct—is to
understand the explicit and implicit assumptions involved in
the experimental design. But in vifro conditions are frequently
designed to test a specific concept (e.g., probe specificity for a
tissue target) and typically ignore targets that are not designed
to be tested or may not be viable under the in vitro experimental
conditions described. For example, procedures using previ-
ously frozen brain tissue samples will inherently ignore
enzymes that are inactivated due to sample handling and
freezing procedures [2]. Another example is degradation of
radiolabeled tracers during storage prior to use leading to
erroneous conclusions. For this reason, analytical data demon-
strating the purity of radiolabeled probes utilized in any
investigation should always be provided. Equally important
are the experimental conditions used for in vitro determinations
which play a critical role in the assays using tissue samples.
Introduction of solvents (e.g., 10 % EtOH [3]) to dissolve a
PET biomarker for the in vitro binding determinations adds an
artifact that would severely affect the binding affinity of the
probe to the hydrophobic aggregate sites. Moreover, for
autoradiography, improper differentiation conditions [3—5] will
inadequately clear background activity thereby ignoring the
natural process of differentiation carried out by the body during
tracer distribution in vivo. The conclusions drawn from the
in vitro experimental results thus must always consider these
underlying assumptions to have construct validity.

More than a decade ago, we described the experimental
conditions for binding of the molecular imaging probe
1-{6-[(2-['*F]fluoroethyl)(methyl)amino]-2-naphthyl} ethyl-
idenemalononitrile (['*FJFDDNP, Fig. 1) to Alzheimer’s
disease (AD) hallmark protein aggregates composed of senile
plaques and neurofibrillary tangles [6, 7]. For digital autoradi-
ography with ['®FJFDDNP, several key steps were fully
described. First, ['*FJFDDNP purity was established, and the
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radiotracer was kept in 100 % EtOH to avoid any radiolytic
decomposition. The radiotracer was only diluted in aqueous
media immediately before use. Second, the tracer incubation
was carried out in minimal EtOH (<1 %) in PBS. Last, after
primary incubation, we used either EtOH [6] or tert-BuOH [7]
for optimal differentiation of the specific signal from the
background [8]. The specific differentiation, which varies
among different probes, takes the place of the natural dynamic
process of tracer distribution and clearance that occurs in vivo
resulting in specific signal of the bound tracer.

Eight years after our initial work [6, 7], Thompson et al.
[3] studied the in vitro binding behavior of a reportedly
tritiated analog of FDDNP to brain sections containing AD
hallmark pathologies. Thompson et al. concluded that 2-(1-
{6-[(2-fluoroethyl)(methyl) amino]-2-naphthyl} ethylidene)
malononitrile (FDDNP, Fig. 1) could not efficiently detect
amyloidogenic neuroaggregates, in spite of existing in vivo
evidence obtained by ['SFIFDDNP with patients with
multiple neurological diseases, including Alzheimer’s de-
mentia [9], progressive supranuclear palsy [10], Lewy Body
dementia [11], and most recently chronic traumatic
encephalopathy (CTE) [12], among others. Thompson
et al. also reported that a tritiated derivative of 2-[4'-
(methylamino)phenyl]-6-hydroxybenzothiazole (PIB) [13]
and a C-14 labeled derivative 4-N-methylamino-4'-
hydroxystilbene (SB-13) [14] exhibited one to two orders
of magnitude higher affinity than the tritiated analog of
FDDNP for amyloid plaques, under the experimental
conditions described. The report of Thompson et al. [3],
unfortunately, does not even disclose the chemical identity
or position of the H-3/C-14 label on any of these molecules
or the synthetic methods utilized for their preparations. The
three tracers were simply reported as custom synthesized
products without any evidence of their radiochemical
purities upon receipt or at the time of the in vitro
determinations. This is critically important considering the
long known radiolytic instabilities of, especially, tritiated
analogs in aqueous media [15].
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Fig. 1. Chemical structures of FDDNP, [*H]FDDNP, ['®F]FDDNP, and of compounds 1-7.
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In this work, we evaluate and compare the construct validity
of Thompson et al.’s conclusions [3] and extend our previous
in vitro investigations with ["*FJEDDNP to include micro-
autoradiography techniques. To demonstrate the identity of the
key experimental reagent [*H]JFDDNP (Fig. 1), we have
provided relevant detailed synthetic and analytical data. We
have also determined the chemical and radio-stability of
[PHJFDDNP and conclusively demonstrated its autoradiolytic
sensitivity in aqueous media under conditions generally used to
perform in vitro binding determinations.

Materials and Methods

The description of general methods and synthetic procedures
can be found in the ESM (Electronic Supplementary
Material) on the journal’s web page.

Tissue Handling

Postmortem brain tissue samples from subjects diagnosed
with AD were obtained from the UCLA Anxiety and
Depression Research Center Brain Bank (Dr. Harry Vinters,
Principal Investigator). Formalin-fixed tissue samples were
cryoprotected in sucrose solution beginning at 10 %,
increasing to 30 % then snap frozen in 2-methylbutane in a
dry ice/ethanol bath. Sections were cut at either 10 or 20 um
as indicated.

Autoradiography Procedures

The [*H]JFDDNP (specific activity 20.2 Ci/mmol; 1 mCi/ml
in EtOH; radiochemical purity >98 %) obtained from
ViTrax as described above and the ['®FJFDDNP (specific
activity >3000 Ci/mmol; 1-10 mCi/ml in EtOH; radiochem-
ical purity >98 %) synthesized as previously reported [16]
were kept in 100 % EtOH until the time of use, at which
time they were diluted to <1 % EtOH with phosphate
buffered saline (PBS) unless otherwise noted.

Method of Thompson et al. [3]

Serial 20-um sections of frontal and temporal lobe brain
tissues were prepared and placed on adhesion superfrost plus
slides obtained from Brain Research Laboratories (Newton,
MA) and then dried prior to use. Slides were equilibrated in
10 % EtOH in phosphate buffer for 15 min prior to primary
incubation with either [’HJFDDNP (5 or 0.5 nM) or
['®FJFDDNP (2 nM) or a mixture of the two in PBS with
10 % EtOH for 60 min. Sections were washed in PBS-E
twice for 30 s then once in deionized water for 30 s before
being rapidly dried in air and placed on Kodak BioMAX
MR film (Fisher Scientific, Pittsburgh, PA). The films were
exposed for 35 min overnight to detect ["*F]FDDNP, and for
13, 33, or 51 weeks to detect [3H]FDDNP.

Method of Agdeppa et al. [7]

Serial 20-um sections of frontal and temporal lobe brain
tissues were prepared and placed on adhesion superfrost plus
slides, defatted in xylene (40 min) then rinsed in ethanol and
dried prior to use. Slides were equilibrated in PBS for
15 min prior to primary incubation with either PHJFDDNP
(5 nM or 0.5 nM) or ['*F]FDDNP (2 nM) or a mixture of the
two in PBS/1 % EtOH for 25 min. Sections were then
optimally washed in deionized water (30 s), 30, 40, or 50 %
(v/v) tert-BuOH in deionized water (3 min agitated on an
orbital shaker), then deionized water (30 s). Sections were
dried under air and exposed to film in the same manner as
described above.

Micro-autoradiography Procedures

Serial 10-um sections of temporal lobe including the
hippocampus were prepared and placed on Fisher brand
superfrost slides (Fisher), and alternating slides were either
defatted in xylene (40 min) then rinsed in ethanol for
autoradiography or simply dried for immunohistochemistry
prior to use. Slides were equilibrated in PBS for 15 min prior
to primary incubation with ['*FJFDDNP (4 mCi/ml) in 1 %
EtOH in PBS for 25 min. Sections were then optimally
washed in deionized water (30 s), 30 % tert-BuOH in
deionized water (5 min agitated on an orbital shaker), then
deionized water (30 s). These conditions were optimized to
provide adequate ability to resolve tau protein aggregates;
however, these conditions are also adequate for resolving
AP, though more stringent techniques will provide better
images. Sections were dried under air and dipped in
undiluted Hypercoat LM-1 film emulsion (GE Healthcare,
Piscataway, NJ) held at 43 °C. Slides were placed at an
angle and dried in ambient air to produce an even coating.
Emulsion was exposed overnight and developed in Kodak
D-19 developer for 1 min, stopped in 0.05 % acetic acid for
30 s, and fixed in Kodak Fixer for 5 min (Fisher).

Immunohistochemistry

Adjacent 10-um slides to those used in the autoradiographic
procedures were rehydrated in tris buffered saline (TBS). Slides
in which AP was the target protein were treated in formic acid
(FA) for 2 min and washed in TBS +0.05 % Tween-20 (TBS-
T) prior to use. All slides were blocked with 2.5 % normal horse
serum for 60 min. Slides were incubated with the primary
antibody for 2 h at room temperature in a humidified chamber
(anti-Tau mouse monoclonal antibody, 1:50, Sigma Aldrich, St.
Louis, MO; anti-Af mouse monoclonal, 1:50, Dako,
Carpinteria, CA). Slides were washed three times for 5 min in
TBS then incubated for 1 h with Vector imPRESS anti-mouse
HRP labeled secondary antibody (Vector, Burlingame, CA).
Slides were washed three times for 5 min in TBS then optimally
incubated with 3,3’-diaminobenzidine peroxidase substrate
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with metal enhancer (Sigma Aldrich). Slides were dehydrated
through ethanol, cleared in xylenes, and cover slipped.

Results

Synthetic Considerations

Scheme S1 (Supplementary Material) illustrates the syn-
thetic approach to [’H]JFDDNP. The synthesis begins with
the electrophilic bromination of 1-(6-((2-hydroxy-
ethyl)(methyl)amino)naphthalen-2-yl)ethanone (1) to yield
the 1-(5-bromo-6-((2-hydroxyethyl)(methyl)ami-
no)naphthalen-2-yl)ethanone (2), which upon treatment with
diethylaminosulfur trifluoride (DAST) provides the key
intermediate 3 (1-(5-bromo-6-((2-fluoroethyl)(methyl)ami-
no)naphthalen-2-yl)ethanone). From the analog 3, the syn-
thesis of [PHJFDDNP could strategically be conducted by
two different methods. In the first method, a Knovenagel
condensation of the bromo derivative 3 with malononitrile
leads to 2-(1-(5-bromo-6-((2-fluoroethyl)(methyl)ami-
no)naphthalen-2-yl)ethylidene)malononitrile (4) (Scheme
S1, step iii). Catalytic dehalogenation of bromine in 4 with
[*H]JH, gas leads to [°’HJFDDNP (Scheme S1, step iv, Path
a). Alternatively, steps iii and iv can also be applied in
reverse order to get the target compound via ["H]JFENE
intermediate through Path b.

To identify the optimal conditions for the synthesis of
[PH]JFDDNP outlined in Scheme S1 (Supplementary Mate-
rial), the bromo analogs 3 and 4 were first prepared and
independently examined as substrates in model
hydrogenolysis reactions with ['H]H,. Thus, the treatment
of 4 under an atmosphere of hydrogen in the presence of Pd/
C for 30 min resulted in a complex mixture of products
consisting of only small amounts of the desired FDDNP
[16], along with two exocyclic chain hydrogenated deriva-
tives 5 and 6, and unreacted starting material 4 (Scheme S2,
Supplementary Material). In contrast, under the same
reaction conditions, the bromo derivative 3 underwent
hydrogenolysis to yield 2-(1-(6-((2-fluoroethyl)(methyl)ami-
no)naphthalen-2-yl)ethylidene)malononitrile (FENE) as the
major product [16] and alcohol 7 as a minor product, along
with trace amounts of unreacted 3 (Scheme S3,
Supplementary Material). Based on the efficiency of the
reduction process and the ease of the product purification, the
reaction starting from the bromo analog 3 was deemed more
appropriate for the trittum labeling method (Scheme S3,
conditions 7).

Radiosynthesis of [°H]JFDDNP

[PH]JFDDNP was synthesized through Path b as outlined in
Scheme S1 (Supplementary Material). The bromo compound 3
was subjected to catalytic reduction in an atmosphere of tritium
gas for 30 min to provide [*HJFENE in 17 % radiochemical
yield. Knoevenagel reaction of the crude [PHJFENE with

malononitrile provided [*H]JFDDNP. The crude [*"HJFDDNP
was purified by semi-preparative HPLC on a reverse phase
column to yield 9.0 mCi of >98 % radiochemically pure
product with a determined specific activity of 20.2 Ci/mmol.
After the evaporation of the HPLC mobile phase, the product
was dissolved in absolute ethanol (1 mCi/ml) and stored at —
20 °C. Under this storage condition, the autoradiolysis of
[PHJFDDNP was minimized and the radiochemical purity
decreased only by about 1.8 % per month.

The Radiochemical Stability of [°?H]FDDNP

The commercially (ViTrax) obtained [’HJFDDNP in abso-
lute ethanol was >98 % radiochemically pure as demon-
strated by analytical HPLC radioflow chromatography (Fig.
S3, Supplementary Material). [’HJFDDNP was found to be
stable in absolute ethanol medium stored in a freezer. The
HPLC analysis of the stock solution of [HJFDDNP in
ethanol at the end of the autoradiography work (10 weeks
from the date of the procurement of [PHJFDDNP) described
herein showed a radiochemical purity of 94.4 % (Fig. 2).
[*H]JFDDNP in PBS/10 % EtOH solution was found to
undergo autoradiolysis in time, which prompted us to
conduct a kinetic analysis. Accordingly, two batches of
[*H]JFDDNP in PBS/10 % ethanol were prepared and, at
various time intervals up to 8 days, were analyzed in
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Fig. 2. The purity of the [°HJFDDNP at the end of the
autoradiography investigation as analyzed by analytical
HPLC. Waters symmetry C18, 5 ym particle size, 4.6 x
150 mm column. Mobile phase: THF/MeOH/H,0 (2:1:2); flow
rate: 0.5 ml/min. Detection: 0.5 min fractions counted by a
scintillation for chromatogram; b 440 nm UV for chromato-
gram for an authentic sample of FDDNP.
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duplicate by analytical HPLC. This analysis indicated that
over time [*H]JFDDNP was gradually converted to
[*HJFENE and [’H]H,O, due to autoradiolysis. Under the
analytical HPLC conditions, used [3H]H20 eluted, as
expected, at the solvent front and [*H]JFENE was identified
by injecting an authentic standard [16]. Interestingly, at the
8-day time point, only ~4 % of [’H]JFDDNP remained intact
while [’H]JFENE was found to be the major product. The
relevant data on the autoradiolysis of [P’HJFDDNP in PBS/
10 % ethanol solution are summarized in the Supplementary
Material, Table S1. Fig. 3 represents three possible
autoradiolysis reactions: ARRI, ARR2, and ARR3.

Assuming that the autoradiolysis of [’HJFDDNP in PBS/
10 % EtOH mixture follows first-order kinetics, the above
process can be described by a three compartmental model
governed by the following set of first-order differential
equations (1):

%CPH ]FDDNP(I) = (ki + k2)C[3H ]FDDNP(t)

%C[SH ]FENE(t) =k C[}H ]FDDNP (I)_ky,C[;H }FENE(I) (])

a CPnio(0) = F2Cpi jroone () K5 Cp Jrane (1)

where CPH]FDDNP(I)’ C[zH]FENE(t), and CPH}Hzo(t) repre-
sent the activity concentrations of [*’HJFDDNP, [*H]FENE,
and [°H]H,O0, respectively at time ¢, and &, k», and k3 are the
rate constants (h~') for ARRI, ARR2, and ARR3, respectively
(Fig. 3). As a result, Fig. 4 shows the best compartmental
model curve fitting for the above kinetics.

The experimentally determined concentration of
[*HJFDDNP in PBS/10 % EtOH mixture was found to
decrease steadily while that of [PHJFENE increased with
time. The concentrations of both [*H]JFDDNP and
[*H]JFENE reached to about 50 % at ~50 h time point.
Radioactivity concentration of [*’HJH,O was found to
increase gradually in a pseudo-linear manner even though
both [’HJFDDNP and [°’HJFENE could radiolyze to form
[*HJH,O as predicted by the best model fit outlined in
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Fig. 4. The best model fit for the autoradiolysis of
[®H]FDDNP in PBS/10 % EtOH mixture to yield [*H]JFENE
and [*H]H,0.

Fig. 4. At 201.5 h (i.e., 8 days and 9.5 h), the kinetic model
(Eq. 1) indicates the concentrations of [*H]JFDDNP,
[*HJFENE, and [PHJH,O to be about 2.5 to 5 %, 74 to
79 %, and 17 to 21 %, respectively, which compares well
with the analytical HPLC data provided in Table S1
(Supplementary Material).

[PHJFDDNP and ["*F]JFDDNP Autoradiography
Using the Thompson and Agdeppa Methods

Fig. 5 shows autoradiographs of Alzheimer’s disease brain
slices using methods from Thompson et al. [3] and Agdeppa
et al. [6, 7] with [P’H]JFDDNP and ['*F]JFDDNP, respectively.
The [PHJFDDNP and ['®FJFDDNP images are not qualita-
tively different (Fig. 5b, d). The Thompson method (Fig. 5a,
¢) shows limited specific signal with significant non-specific
signal in the white matter consistent with the previously
reported results [3]. The Agdeppa method shows extensive
plaque load and specific binding throughout the cortical gray
matter (Fig. 5b, d).
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Fig. 3. Autoradiolysis reactions ARR1, ARR2, and ARR3 of [°H]JFDDNP in PBS/10 % EtOH mixture.
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Thompson et al (2009)

['SF][FDDNP

[*HJFDDNP

Agdeppa et al (2003)

Fig. 5. a ['®F]JFDDNP autoradiography using the method of Thompson et al. and b ['®FJFDDNP autoradiography using the
method of Agdeppa et al. ¢ [PHJFDDNP autoradiography using the method of Thompson et al. and d [°HJFDDNP
autoradiography using the method of Agdeppa et al. Note the differential cortical binding to amyloid plaques between the
two methods only due to the different experimental conditions of the autoradiography determinations. It could be surmised
from Thompson et al. results that the high white matter labeling (a, ¢) may be an indication of presumptive radiolytic hydrolysis
of the [°H]FDDNP used, with resulting production of [PHJFENE (Fig. 4). This is consistent with earlier observations from our
laboratory that ['®F]FENE has preponderant high capacity, non-specific binding to white matter in the living human brain,
presumably because of membrane intercalation (unpublished observations).

Micro-autoradiography

Fig. 6a shows a low magnification micro-autoradiograph of
the medial temporal/hippocampal area of an AD brain
performed using tau-pathology visualizing conditions. For
orientation, this result is compared to Fig. 6b, reproduced
from Ref. [17].

The AP protein aggregates (Fig. 6¢) are clearly visible,
albeit overexposed under these conditions. The autoradiog-
raphy signal compares to the anti-Af} immunohistochemistry
labeling (Fig. 6d). Tau-positive cells are also visible (Fig. 6¢)
and compared to the anti-tau immunohistochemistry

(Fig. 6f).

Discussion

This work outlines why rigorous in vitro work is crucial to
ascertain accurate translation of these results to in vivo
settings, which involves synthetic considerations, radio-
chemical stability of the tracer, and possible autoradiolysis
and autoradiographic protocol validation considerations for
accurate interpretation of results. The experimental methods
presented in this work focus on (1) demonstrating specific
FDDNP binding to AP and tau neuroaggregates in brain
slices of Alzheimer’s disease patients using high-resolution
micro-autoradiography and (2) comparing these results with
those reported earlier by Thompson et al. [3]. Accordingly,

we have (1) synthesized and used pure ['*F]FDDNP [16]
and pure [°’HJFDDNP for these experiments, (2) compared
the effect of solvents (e.g., EtOH) used in the primary
incubations, and (3) compared variation in differentiation
conditions.

Organic Synthesis

Tritium labeling is most commonly achieved through
catalytic reduction with trittum gas, reduction with [°H]
sodium borohydride or [°H] lithium aluminum hydride,
methylation with [°H] methyl iodide, or a carbanion quench
with tritiated water [18]. For the preparation of the tritium-
labeled analog of FDDNP, we selected to exchange halogen
for trittum at the aromatic ring by palladium catalyzed
hydrogenolysis by using [PH]H..

The precursors for the trittum labeling were prepared
according to Scheme S1 (Supplemental Material).
Chemoselective bromination of starting naphthalene deriva-
tive 1 gave single product 2, which was fluorinated with
diethylaminosulfur trifluoride (DAST) to compound 3. The
position of bromine at the aromatic ring in 3 was
unambiguously established by 1D and 2D NMR spectros-
copy (Supplemental Material). Knoevenagel reaction of
ketone 3 with malononitrile in pyridine furnished bromi-
nated FDDNP derivative 4. As indicated in Scheme S1
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Q ['SFIFDDNP p-Autoradiography c

['SFJFDDNP
€ p-Autoradiography

['SFIFDDNP
p-Autoradiography

b Structures of the MTL

d Immunohistochemistry
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Fig. 6. a Micro-autoradiography using the method of Agdeppa et al. shows both AR and tau neuropathology in the
hippocampus. Pullouts show ¢ A (inset box A) autoradiography and d IHC and e tau (inset box B) autoradiography and f IHC.
AB autoradiography was thresholded to reduce background; tau autoradiography was filtered using difference of Gaussian
edge finding. b The structures of the MTL image is reproduced from Ref. [17].

(Supplementary Material), both the bromo analogs 3 and 4
are potentially the synthetic precursors for the preparation of
the target [’H]JFDDNP. Despite the fact that introduction of a
radiolabel in radiosynthesis is generally preferred to be
accomplished in the final step of the reaction sequences, an
independent experimental work discussed above revealed
that hydrogenolysis of 3 with ['"H]H,/Pd/C into [*H]FENE,
followed by Knoevenagel reaction in the last step (Path b),
is in this case superior to Path a (Schemes S2 and S3,
Supplementary Material). The crude product [PHJFDDNP
was purified by semi-preparative HPLC to obtain >98 %
radiochemically pure [*H]JFDDNP with a specific activity of
20.2 Ci/mmol. To mitigate autoradiolysis, the product was
dissolved in absolute ethanol and stored in a freezer.

Autoradiolysis of [?’H]JFDDNP

The propensity for autoradiolysis of tritium-labeled tracers is
a well-known phenomenon [15, 18-20]. Autoradiolysis is
most significant with tritiated analogs because the low
energy of B emission (mean decay energy for tritium is
5.7 keV) is almost entirely dissipated within the compound
itself (mean path length for B particle emission from tritium
in water is 0.47 pum). Since the average energy of carbon—
carbon bonds in organic compounds is only about 5-10 eV,
the 5.7 KeV decay energy of tritium (which is absorbed very
efficiently by the tracer itself) can cause decomposition of
large number of the tracer molecules [15]. Hence, the control
of autoradiolysis of tritium-labeled compounds is much

more difficult than for compounds labeled with other
radioisotopes which generally have much higher decay
energies (>>5.7 keV) and longer mean path lengths (>
40 um in water) for the particle emissions [15]. The
autoradiolysis of tritiated compounds has consequently been
studied in rather more detail than that of other radiolabeled
products. Several factors such as the specific activity of the
tracer and the inherent stability of the compound and storage
solvent can all play a role in the autoradiolysis of tritium-
labeled compounds. In many cases, aqueous solvents or
even the presence of residual water in organic solvents have
been shown to exacerbate the autoradiolysis of tritiated
analogs [20]. Thus, it is imperative the tritium-labeled
derivatives are stored in appropriate solvents (e.g., absolute
ethanol) at low temperatures to minimize autoradiolysis.
Importantly, the radiochemical purity of the tritiated com-
pounds always needs to be verified just prior to in vitro
utilization.

Tritium-labeled FDDNP in absolute ethanol at —20 °C
was found to undergo autoradiolysis only by about 1.8 %
per month. But [PHJFDDNP in PBS/10 % ethanol was
rapidly converted to [PH]JFENE and [*H]JH,O due to
autoradiolysis (Table S1, Supplementary Material). Forma-
tion of [PHJH,O due to proton/tritium exchange in tritiated
derivatives has been well described in the literature [12, 17]
and likely plays a similar role with [*HJFDDNP in PBS/
10 % ethanol. The mechanism of autoradiolytic formation of
[*H]FENE was not investigated in this study. However, base
catalyzed hydrolysis of FDDNP is known to produce FENE
[16]. Interestingly, at the 201.5 h (~8.5 days) time-point,
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only 4 % of [*H]JFDDNP remained intact while [’HJFENE
was found to be the major product (Table S1, Supplementary
Material) when the tracer was stored in PBS/10 % ethanol.
This observation clearly demonstrates the importance of
determining the radiochemical purity of [’HJFDDNP at the
time of in vitro experiments. Considering the extreme
sensitivity of [PHJFDDNP in PBS/10 % ethanol to
autoradiolysis, its radiochemical purity was ascertained to
be 95-98 % by analytical HPLC at the time of all the in vitro
experiments of this investigation. Thompson et al. [3]
described that [’HJFDDNP (13 Ci/mmol) was obtained as
custom syntheses by an undisclosed synthesis method from
GE Healthcare Life Sciences (Little Chalfont, UK), but
unfortunately neither evidence of the radiochemical purity of
[PH]JFDDNP nor stability data, either upon receipt or at the
time of the in vitro study, were provided. Therefore,
considering the inherent instability of [*H]JFDDNP, as
reported in this work, legitimate concerns over the validity
of their in vitro data and the conclusions drawn based on
them would exist.

Construct Validity of the Autoradiography
Experiments

In order to contextualize the results of these in vitro
experiments, several assumptions underlying the autoradi-
ography technique must be considered.

First, in vitro autoradiography assumes that the radiolabeled
tracer is pure at the outset and maintains its chemical purity
throughout the binding experiment. As discussed, Fig. 4
demonstrates that [’H]JFDDNP rapidly undergoes
autoradiolysis to [°’H]JFENE and [°’H]H,O when left in PBS/
10 % EtOH. Autoradiolysis of [°’HJFDDNP in aqueous media
such as PBS/10 % EtOH is significant even in short period of
times (Table S1, Supplementary Material). Thus, if
[PH]JFDDNP is stored in an aqueous solution or the solution
is not prepared immediately prior to use from a 100 % EtOH
stock solution, the integrity of the primary incubation and
differentiation steps will be of serious concern. Hence, it is
critically necessary to begin with very high purity [’HJFDDNP
(or ["*F]JFDDNP) and to store it appropriately in absolute EtOH
until just before use. This issue cannot be ignored. FDDNP
decomposes into FENE which has very different binding
constants against protein aggregates than FDDNP, and also
binds substantially to brain white matter structures [6]. We
have previously shown that [PHJFENE radiolabeling of the
intended neuroaggregates is not optimal [6].

Second, in vitro autoradiography assumes that the
primary incubation—e.g., presence or absence of EtOH, or
the pH of the buffer—creates a comparable environment for
probe binding to the environment in vivo. Thompson et al.
used 10 % EtOH during primary incubation for all the
tracers tested [3]. Such experimental conditions implicitly
assume that the EtOH concentration does not affect the
binding properties of the imaging probe. However, Agdeppa

et al. disclosed earlier experimental methods using less than
1 % EtOH in PBS to optimally bind FDDNP to target
proteins in vitro and, under in vivo conditions, given the low
injected mass dose of the radiotracer, is the nanomolar high
affinity binding the driver for the signal [6, 7]. Higher
concentrations of EtOH will produce conditions that disrupt
FDDNP binding in vitro and are not indicative of the
binding characteristics observed in vivo. The fact that high
concentrations of organic solvents in the primary incubation
affect the binding affinity of DDNP derivatives is well
documented [6, 7]. Amyloid and tau aggregates have a
hydrophobic binding domain, and FDDNP binding, like
other 2,6-disubstituted naphthalene derivatives, is strongly
dependent on the dipole moment of the molecule [21, 22],
which makes the molecule highly sensitive to solvent
polarity. Therefore, solvent conditions used for binding
determinations in the primary incubation solution play a
critical role and affects the specific binding of the probe.

Finally, the three compounds tested comparatively by
Thompson et al. [3], the “tritiated” analog of FDDNP, the
tritiated derivative of PIB, and the '*C-labeled derivative of
SB-13, have unique binding sites on amyloid aggregates [6,
7, 23, 24]. It is therefore imprudent to assume that these
compounds will readily bind to amyloid aggregates under
identical in vitro conditions. Logically, instead, both the
primary incubation and the differentiation step must be
tested and optimized for each tracer.

Fig. 5 demonstrates the effect of increasing concentration
of EtOH on FDDNP binding to amyloid aggregates. Fig. 5a
and ¢ shows very little FDDNP specific binding using PBS/
10 % EtOH for both primary incubation and differentiation
(Thompson et al. conditions [3]). Fig. 5b and d, by contrast,
shows significant specific binding to amyloid aggregates in
cortical gray matter using <1 % EtOH in the primary
incubation (Agdeppa et al. conditions [6, 7]). Fig. 5
demonstrates that primary incubation with 10 % EtOH
interferes with FDDNP binding to amyloid aggregates, and
thus little specific signal is observed. In parallel, weak
differentiation using the same 10 % EtOH solution fails to
appreciably differentiate the specific from the non-specific
signal making the background signal in the white matter
more visible after washing. These high EtOH concentrations
in the primary incubation solvent invalidate the results, even
before taking into account that the questionable purity of the
[*H]JFDDNP used may also degrade the results. Fig. 6¢ and
d, using ['*F]FDDNP micro-autoradiography with temporal
lobe brain slices of an AD subject, demonstrate labeling of
amyloid aggregates (Fig. 6¢) as confirmed with AP
immunohistochemistry in an adjacent tissue slice (Fig. 6d).
Similarly, Fig. 6e shows ['*FJFDDNP-labeled tau-tangles in
the pyramidal neurons of the hippocampus in comparison
with tau immunohistochemistry in an adjacent slice.

Figs. 5 and 6 show that FDDNP clearly binds to its target
proteins under these in vitro conditions. Thus, the assump-
tion of Thompson et al. [3] that a negative in vitro
experiment under a particular set of experimental conditions
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demonstrated that the probe did not bind to the same target
tissues in vivo was invalid. Amyloid/tau binding, though it
entices the use of in vivo receptor binding models and Logan
graphical analysis, is significantly different from classical
receptor binding [25-28]. The dynamic nature of amyloid/
tau aggregates, their heterogeneous constitution as well as
their multiple binding sites, and non-membrane localization,
all work against purely receptor—ligand binding assump-
tions. Again, all of these without taking into consideration
the undocumented purity of the [’HJFDDNP used in their
experiments [3], which in itself calls into question any
conclusions,

Finally, for in vivo use of PET probes, in vitro conditions
should be always optimized to demonstrate the sensitivity
and specificity to a given tissue target (e.g., amyloid or tau
aggregates). Thus, when it comes to selecting, qualifying,
and validating new tracers as molecular imaging probe
candidates, it is crucial to develop and use postmortem
autoradiography methods that are rigorous, well validated,
and with thorough investigation of the impact of binding
conditions versus actual tissue targets. Most often these
experiments are not designed to assess unknown off-target
binding, and may be inadvertently designed to deactivate
such competitive processes like active enzymes that are
otherwise present under in vivo conditions. The previously
unrecognized in vitro binding of the purported tau specific
agent AV-1451 to MAO A and MAO B [29] offers a clear
example of this issue. This previously unknown off-target
binding was only recently discovered when in vivo results
could not be explained based upon tau-binding (the
purported specific target of the agent) [30-33]. A CNS
panel evaluation with 50 plus proteins to gauge any possible
off-target activity, prior to further characterization and/or
development of the probe, would likely have negated the use
of AV-1451 (and THK-5351) as viable clinical PET ligands
before any autoradiograms or in vivo animal or human
studies had ever been carried out.

Thompson et al. [3] and other publications from the same
laboratory [4, 5] serve as excellent examples of why in vitro
results must be used with great care to explain in vivo
phenomena or to simulate in vivo conditions. This is not
new; early concepts underlying these issues were established
more than two decades ago during the development of the
PET methodology [34]. In vitro conditions have to be as
close to the physiological conditions as possible to ensure
that the targeted protein maintains its physiological in vivo
conformation to guarantee that both the active sites of the
targeted protein and the radioligand are solvated nearly in
the same way as under physiological conditions. This is the
only way in vitro binding affinity estimates will have any
relevance for the interpretation of in vivo PET binding. The
present work also adds some specifics to the tissue targeting
of neuroaggregates and serves to critically examine the
assumptions involved in these types of in vitro character-
izations, which should have been avoided based on the
acquired experience of PET probe development [35].

Understanding the in vivo specificity of the tracer is essential
in order to interpret in vivo imaging results. /n vitro experi-
ments, such as those described in this work, are an important
first step, taking inclusive into consideration the caveats that
characterize specificity in rigorous terms (e.g., thioflavin and
Congo Red are not specific for a given proteinopathy).
However, the mere correlation of one set of results (e.g.,
in vitro data) with another (e.g., in vivo data) does not imply a
direct causative relationship. Indeed, the literature is replete
with examples of correlations for which causation is nothing
more than an incidental coincidence [36-39].

Conclusions

The evidence from this work indicates that the integrity of the
experiments described by Thompson et al. [3] were compro-
mised, invalidating their in vitro conclusions, which openly
ignores available in vitro data in humans, including neuropath-
ological fluorescence, autoradiographic and Scatchard plot
analysis [40], as well as PET scan results in living subjects with
a variety of neurodegenerative diseases. Since [PHJFDDNP is
highly susceptible to autoradiolysis and suffers rapid decom-
position, the chemical and radiochemical integrity of the
[*HJFDDNP at the time of the in vitro binding experiments is
an essential piece of information to ascertain validity of their
results. Besides, the use of 10 % EtOH solution as primary
incubation solution for [’H]JFDDNP binding determinations
seems to be a compounding fatal cause of the poor autoradi-
ography results reported with [*HJFDDNP. These confirm
well-established evidence on the limitations of in vitro binding
results portrayed as irrefutable predictors of in vivo binding of
molecular imaging probes. These are also reminders that
observations from poorly executed experiments would un-
avoidably lead to wrong interpretations that can be perpetuated
and even later reproduced or assumed without further analysis.
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