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ABSTRACT: [11C]N-Methyl lansoprazole ([11C]NML, 3)
was synthesized and evaluated as a radiopharmaceutical for
quantifying tau neurofibrillary tangle (NFT) burden using
positron emission tomography (PET) imaging. [11C]NML was
synthesized from commercially available lansoprazole in 4.6%
radiochemical yield (noncorrected RCY, based upon
[11C]MeI), 99% radiochemical purity, and 16095 Ci/mmol
specific activity (n = 5). Log P was determined to be 2.18. A lack of brain uptake in rodent microPET imaging revealed
[11C]NML to be a substrate for the rodent permeability-glycoprotein 1 (PGP) transporter, but this could be overcome by
pretreating with cyclosporin A to block the PGP. Contrastingly, [11C]NML was not found to be a substrate for the primate PGP,
and microPET imaging in rhesus revealed [11C]NML uptake in the healthy primate brain of ∼1600 nCi/cc maximum at 3 min
followed by rapid egress to 500 nCi/cc. Comparative autoradiography between wild-type rats and transgenic rats expressing
human tau (hTau +/+) revealed 12% higher uptake of [11C]NML in the cortex of brains expressing human tau. Further
autoradiography with tau positive brain samples from progressive supranuclear palsy (PSP) patients revealed colocalization of
[11C]NML with tau NFTs identified using modified Bielschowsky staining. Finally, saturation binding experiments with heparin-
induced tau confirmed Kd and Bmax values of [11C]NML as 700 pM and 0.214 fmol/μg, respectively.
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Dementia is estimated to effect 14000/100000 of the
population, 5% over the age of 70 and 24% over the age

of 80.1 The most common form is Alzheimer's disease (AD),
accounting for 50% of the dementia landscape, and at the time
of writing, over 5 million cases were in the United States alone.
AD is characterized by the presence of both extracellular senile
plaques composed of β-amyloid (Aβ) and intracellular
neurofibrillary tangles (NFTs) made up of aggregated tau
protein.2 Additional decline of neurotransmitter systems such
as the cholinergic system occurs concurrently.3

Significant work has been undertaken to develop radiophar-
maceuticals that allow noninvasive imaging of dementias such
as AD using positron emission tomography (PET) imaging.4

The goals of imaging AD pathophysiology with PET are (a)
diagnosis of the condition (historically achieved postmortem)
while the patient is still alive and, ideally, before the onset of
cognitive decline; (b) differentiation of clinically overlapping
dementia subtypes enabling appropriate clinical management
(current clinical accuracy is ∼60−80%); (c) selection of
appropriate patients for clinical trials of AD therapeutics; and
(d) monitoring patient response to such therapeutics.

The most commonly explored strategy to date involves
imaging of senile amyloid plaques (recently reviewed4−8)
because, for decades, the presence of senile plaques has been
the definitive diagnosis of AD. Moreover, the amyloid
hypothesis suggested that amyloid plaque burden correlated
with cognitive decline.9,10 Thus, [11C]PiB (University of
Pittsburgh),11 [18F]flutemetamol (GE Healthcare),12 [18F]-
amyvid ([18F]florbetapir, Avid Radiopharmaceuticals/Eli
Lilly),13 and [18F]florbetaben (Bayer Healthcare/Piramal
Healthcare)14 have all been extensively developed. These
compounds all show high cortical uptake in amyloid-positive
patients but are hampered by nonspecific white matter binding,
even in amyloid-negative patients.15 Proof-of-mechanism has
also been confirmed by pivotal autopsy studies.16,17 [18F]-
Amyvid was the first of these to garner marketing approval from
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the U.S. FDA, in April 2012, as a radioactive diagnostic agent
for PET imaging of the brain to estimate Aβ neuritic plaque
density in adults. These agents are expected to be crucial if an
antiamyloid therapeutic strategy is identified.
However, as more than one neurodegenerative disorder is

associated with amyloid pathology [e.g., AD and dementia with
Lewy bodies (DLB)], amyloid imaging alone is not sufficient to
differentiate dementia subtypes. Moreover, it has been shown
that extracellular amyloid does not correlate with cognitive
status [estimated using the minimental state examination
(MMSE)] in AD.18 Contrastingly, in the same work, Hof and
co-workers demonstrated that intracellular tau NFT burden
does correlate with cognitive decline, confirming tau NFTs as a
viable target for AD therapy and PET imaging of AD.
Furthermore, tau NFTs are implicated in numerous other
dementia subtypes. These tauopathies include frontotemporal
dementia (FTD), progressive supranuclear palsy (PSP), and
corticobasal degeneration (CBD).19 Therefore, in addition to
AD, a radiopharmaceutical for quantifying tau NFT burden
would aid in the understanding of the pathophysiology and
clinical management of each of these neurodegenerative
conditions.
Despite this, the development of radiopharmaceuticals for

tau NFTs has been comparatively limited, and those there are
remain mostly confined to the preclinical arena. Okamura and
colleagues screened >2000 compounds against tau and
identified quinolines and benzimidazoles as scaffolds of
interest.20 A number of groups have explored the quinoline
scaffold, and both [11C]BF15620 and [18F]THK52321 appear to
have affinity for tau and specificity for tau over Aβ, although
preliminary clinical imaging with [18F]THK523 was unable to
distinguish AD patients from healthy controls.22 Other
radiopharmaceuticals for tau include [18F]T80823 and [18F]-
FDDNP,24 although utility of the latter compound is hampered
by its affinity for both tau and Aβ.
At the University of Michigan, we have an extremely active

neuroimaging program and are interested in having the ability
to image tau NFTs. Reflecting this, we were attracted by a
report from Rojo and colleagues in 2010, which indicated that
lansoprazole, an FDA-approved proton pump inhibitor, has
nanomolar affinity for certain forms of tau and specificity for
tau over amyloid.25 As lansoprazole (1) contains a
benzoimidazole, this would appear to be in line with Okamura's
findings.20 Herein, we report the synthesis and preliminary
preclinical evaluation of [11C]N-methyl lansoprazole
([11C]NML, 3).
When considering how to synthesize a radiolabeled analogue

of lansoprazole (Scheme 1), it was apparent to us that the
benzoimidazole moiety was readily amenable to methylation
with [11C]MeOTf, using standard carbon-11 radiochemical
techniques routinely employed in our laboratory.26 The identity
and purity of a radiopharmaceutical are confirmed via
coinjection of the radiolabeled compound and a sample of
unlabeled reference standard onto an analytical HPLC. A
reference standard (2) was synthesized in 58% yield from
commercially available lansoprazole (1) by treatment with
methyl iodide and characterized by NMR, HRMS, and HPLC,
which agreed with literature values.27 With reference standard
in hand, we proceeded with radiolabeling. A thin film of
lansoprazole (1), dissolved in THF, was deposited onto the
HPLC loop of a TRACERlab FXc-pro carbon-11 synthesis
module. [11C]MeOTf was then passed through the loop for 5
min to generate [11C]NML (3), which was purified by

semipreparative HPLC. Subsequent reconstitution of the
HPLC fraction into ethanolic saline provided doses of
[11C]NML [4.6% nondecay-corrected radiochemical yield
based upon [11C]MeI (the precursor to [11C]MeOTf), 99%
radiochemical purity, specific activity = 16095 Ci/mmol, n = 5]
suitable for preclinical evaluation (and eventual human use).
Rojo and colleagues reported the log P value of lansoprazole

to be 1.4725 (although a range of ∼1.5−2.76, often attributed to
pH dependency, is apparent). Regardless of the literature
variability, excellent CNS permeability is expected for
compounds with log P values in this range. The N-methyl
analogue synthesized herein was expected to have a slightly
higher log P than the parent due to the additional methyl
group, and indeed, we determined log Poctanol/water to be 2.18.
This makes [11C]NML slightly more polar than [11C]PiB and
definitely suitable as a radiopharmaceutical for use in the CNS.
With these data in hand, we conducted [11C]NML

microPET in rodents (n = 2) to evaluate brain kinetics of the
new radiopharmaceutical. To our surprise, there was minimal
brain uptake of [11C]NML in the baseline rodent scans (Figure
1). This lack of brain uptake was also confirmed by ex vivo
biodistribution studies conducted at 5, 30, and 60 min (n = 3 at
each time point, see the Supporting Information). Initially, we
suspected that we had not made compounds 2 and 3.
Erroneous methylation of the pyridine, while unfavored as

Scheme 1. Synthesis of [11C]NML and Reference Standarda

aReagents and conditions: (i) MeI, KOH, water, 60 °C, 10 min, 58%.
(ii) [11C]MeOTf, 5 min [loop chemistry], semipreparative HPLC,
SPE, 4.6% RCY.

Figure 1. Rodent microPET images.
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compared to methylation of the benzoimidazole, could lead to
the observed result. Methylation of the pyridine would provide
pyridinium salt 4, a compound expected to appear similar to 2
by mass spectrometry and NMR spectroscopy, which, as a
charged species, would be unlikely to cross the blood−brain
barrier (BBB). However, careful reanalysis of the mass spectra
of compound 2 revealed fragments 5 (M + H = 133) and 6 (M
+ H = 252) but not fragments 7 or 8, confirming that we had
indeed prepared the intended N-methyl derivative 2 (Scheme
2).

The analytical data and favorable log P all suggested that
[11C]NML should cross the BBB and enter the CNS. We
therefore considered alternative explanations for the lack of
brain uptake, and one possibility was transporter involvement
as there are a number of active transporters on the BBB. If
[11C]NML was a substrate for one of these, then it could be
transported out of the brain and lead to the appearance of no
brain uptake on the microPET scans. The most likely culprit
was the permeability-glycoprotein 1 [PGP, or multidrug
resistance protein 1 (MDR1)], found in many locations in
the body including the BBB. PGP is a well-known ATP-binding
cassette transporter that can transport a wide range of
molecules across both intra- and extracellular membranes.28

To test this hypothesis, rodent microPET imaging was repeated
in the presence of cyclosporin A, an immunosuppressant drug
known to block PGP activity.29 The resulting PET scans
(Figure 1) showed the expected higher levels of brain uptake of
[11C]NML, confirming our hypothesis.
Lack of brain uptake would ordinarily obviate terminating

development of [11C]NML as a radiopharmaceutical for
quantifying tau NFT burden. However, cognizant of frequent
differences in drug pharmacology and pharmacokinetics
between species, we were curious about how [11C]NML
would behave in our primates. Having the luxury of drug naiv̈e
rhesus monkeys available exclusively for use in microPET
developmental work, we conducted nonhuman primate micro-
PET imaging (Figure 2A) with [11C]NML. Our notion about
species variation proved to be the case, and [11C]NML appears
to be a substrate for the rodent PGP transporter but not the
corresponding primate PGP transporter. Our expectation is
that the pharmacology and pharmacokinetics of [11C]NML in

humans will more closely resemble that of the nonhuman
primates than rodents.
Drawing a straightforward region-of-interest (ROI) around

the primate brain provided a simple time−activity curve (TAC)
for [11C]NML (Figure 2B). From the TAC, [11C]NML uptake
in the healthy primate brain was ∼1600 nCi/cc maximum at 3
min followed by rapid egress to 500 nCi/cc. These brain
kinetics are similar to other CNS radiopharmaceuticals that we
have successfully translated into the clinic (e.g., [18F]FEOBV
for imaging the VAChT30). Given these promising results, our
interest in developing [11C]NML into a radiopharmaceutical
for clinical PET imaging of tau NFTs still remained. Therefore,
we explored the biodistribution and metabolism profiles of
[11C]NML, before turning our attention to evaluation of the
specificity of [11C]NML for tau NFTs using in vitro
autoradiography.
Metabolism and biodistribution patterns need to be

evaluated for any candidate radiopharmaceutical that is being
considered for clinical translation. For biodistribution experi-
ments, [11C]NML was injected into anesthetized Sprague−
Dawley rats via the tail vein (three per time point), and then,
rats were allowed to wake, before being reanesthetized and
sacrificed at 5, 30, and 60 min postinjection. Biodistribution
confirmed clearance by both the liver and the kidneys,
consistent with literature findings for the parent lansoprazole.31

To investigate metabolism, [11C]NML was injected into
anesthetized Sprague−Dawley rats via the tail vein (three per
time point), and then, rats were allowed to wake, before being
reanesthetized and sacrificed at 5, 15, and 30 min postinjection.
Blood was collected at each of the time points and centrifuged
to provide plasma fractions, which were analyzed by HPLC and
radio-TLC. Analysis demonstrated rapid clearance of
[11C]NML from the plasma, consistent with literature data
for lansoprazole,32,33 and revealed the presence of a single polar
radioactive metabolite. It is assumed that [11C]NML follows a
similar metabolic pathway to that identified for lansopra-
zole32,33 and that the polar metabolite is likely to be 5-hydroxy-
N-methyl lansoprazole or the [11C]NML sulfone derivative.
Interestingly, following any of the animal studies reported
herein, the charcoal filters on the outlets of the anesthesia

Scheme 2. Mass Spectroscopy of Reference Standard 2

Figure 2. Nonhuman primate microPET images.
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chambers were also discovered to be radioactive. This is
indicative of the presence of an exhalable metabolite and is
thought to be the result of oxidation of the carbon-11 methyl
group to [11C]MeOH or possibly even [11C]CO2.
Preliminary validation of [11C]NML as a radioligand for tau

NFTs was investigated using autoradiography experiments. We
have previously developed a line of transgenic rats expressing
human tau (hTau +/+, unpublished results). Because of the
expense, this line was not sustained, but all brains were
harvested upon death of the animal, sliced by microtome, and
affixed to microscope slides. The presence of human tau was
confirmed by immunocytochemistry (see the Supporting
Information), and human tau was clearly present in the cortex
and hippocampus of the transgenic hTau +/+ rat brains (Figure
3A) but absent in analogous areas of wild-type (WT) rat brain

slices (Figure 3B). Slices of both the hTau +/+ (n = 3) and the
WT (n = 3) brains were incubated with varying amounts of
[11C]NML before being rinsed and analyzed with a
phosphorescence imager (Figure 3C). While 66 nCi/mL (1
mCi added to 15 mL) and 330 nCi/mL (5 mCi added to 15
mL) images were clear, >660 nCi/mL (10 mCi added to 15
mL) proved too much radioactivity and saturated the image.
The images obtained from the lower amounts of radioactivity,
however, clearly showed uptake of [11C]NML in the cortical
and hippocampal regions, consistent with the immunocyto-
chemistry results. Densitometrical analysis of the images
confirmed that uptake was 12% higher in the hTau +/+ cortex
and 4% higher in the hTau +/+ hippocampus than the
corresponding areas of the WT brains.
Autoradiographical experiments were also conducted using

human brain blocks. PSP is a degenerative disorder known to
be associated with significant tau pathology.34 Therefore, a
number of PSP cases with tau pathology in the globus pallidus
and surrounding regions were selected for investigation (n = 4,
age range from 59 to 75). Brain blocks were sliced into 20 μm
sections using a cryostat, affixed to slides, and incubated with
[11C]NML for 10 min. After this time, slides were washed,
dried, and exposed to film for 5 min. The results (Figure 4)
show binding of [11C]NML to certain areas of the globus
pallidus. Following autoradiography, the slides were subjected

to modified Bielschowsky staining,35 intended to identify tau
NFTs in the PSP brain sections. Figure 4 confirms
colocalization of [11C]NML with the Bielschowsky stain,
offering further evidence that [11C]NML is binding to tau
NFTs.
Finally, confident that [11C]NML has qualitative affinity for

tau and potential for in vivo imaging of tau NFT burden in the
clinic, attention was turned to quantifying the affinity with
saturation binding studies and Scatchard analysis. For
lansoprazole, Rojo reported Ki = 2.5 nM against heparin-
induced tau filaments and proposed, from docking studies, that
the benzimidazole NH formed a key hydrogen bond with the
C-terminal hexapeptide (386TDHGAE391) of the tau core.25

Therefore, it was of critical importance in the present work to
determine what effect replacing the NH with N−11CH3 had on
the affinity of [11C]NML for tau. Therefore, we conducted
binding affinity studies and investigated nonspecific binding
(see the Supporting Information) between [11C]NML and
analogous heparin-induced tau filaments to those used by
Rojo.25 These studies confirmed Kd and Bmax of [11C]NML
against heparin induced tau to be 700 pM and 0.214 fmol/μg,
respectively. Thus, replacing the NH with N−11CH3 appears to
actually improve the affinity of the scaffold for tau by a factor of
3. It is not immediately obvious why this should be, but
perhaps, the methyl group is able to sit in a binding pocket on
the protein and improve interactions. Investigations into
elucidating the actual binding site are ongoing at this time.
This initial proof-of-concept study has confirmed that

lansoprazole is a scaffold of interest for developing a

Figure 3. Autoradiography of hTau+/+ and WT rat brain sections
with [11C]NML.

Figure 4. Comparison of [11C]NML binding with Bielschowsky
staining in PSP brain sections.
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radiopharmaceutical for quantifying tau NFT burden in vivo
using PET imaging. An efficient synthesis of [11C]N-methyl
lansoprazole has been developed, and preliminary preclinical
evaluation suggests that the compound has affinity for tau
NFTs. The correlation between NFTs and cognitive decline in
AD justifies development of such radiopharmaceuticals, and
synthesis of [18F]lansoprazole as well as continuing validation
that the scaffold is targeting tau NFTs are ongoing to support
these efforts.
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