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Lobeline interacts  with  �4�2* nAChRs  and the  BBB  amine  transporter.
PET imaging  in  rats  assessed  the  interaction  of lobeline  with  [18F]nifene  in vivo.
Lobeline  competes  strongly  with  [18F]nifene  at  the  �4�2*  site.
The cerebellum  is  not  a valid  reference  region  for  [18F]nifene  in  the  rat.
Small decreases  in  [18F]nifene  BBB  transport  rates  were  observed  due  to  lobeline.
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a  b  s  t  r  a  c  t

Lobeline  is  a  potential  smoking  cessation  drug  with  affinity  for the  �4�2  nicotinic  acetylcholine  receptor
and  may  inhibit  the  blood–brain  barrier  (BBB)  amine  transporter.  The  goal  of this  work  was  to  use  PET
imaging  to  evaluate  the  effects  of lobeline  on  the  kinetic  properties  of  [18F]nifene  in the  rat  brain.  Methods:
Direct  �4�2*  competition  of lobeline  with  [18F]nifene  was  evaluated  using  imaging  experiments  with
both  displacing  and  blocking  doses  of  lobeline  (1 mg/kg,  i.v.) given  between  two  injections  of [18F]nifene
separated  by  50 min.  Inhibition  of  the BBB  amine  transporter  was  examined  using  a separate  imaging
protocol  with  three  injections  of  [18F]nifene,  first  at baseline,  then  following  (−)nicotine  blocking,  and
finally  following  lobeline  blocking.  Results:  Rapid  displacement  of [18F]nifene  was  observed  in  the  �4�2*-
rich  thalamus  following  lobeline  administration,  suggesting  direct  competition  of  the  drug  at �4�2*  sites.
Slight  decreases  in BBB  transport  of  [18F]nifene  were  observed  when  the  �4�2*  system  was  first  saturated
with  (−)nicotine  and  then  given  lobeline.  This  perturbation  may  be  due  to inhibition  of the BBB  amine

18
transporter  by lobeline  or  reductions  in  blood  flow.  Significant  cerebellar  displacement  of [ F]nifene  was
found following  the administration  of  both  lobeline  and  (−)nicotine,  indicating  detectable  specific  binding
in the  rat cerebellum.  Conclusion:  The  competition  of lobeline  with  [18F]nifene  is largely  dominated  at  the
�4�2*  binding  site  and  only  small  perturbations  in BBB  transport  of  [18F]nifene  are  seen at  the  1  mg/kg
dose.  Similar  experiments  could  be used  to  study  other  drugs  as therapeutic  agents  for  smoking  cessation
with PET.

Abbreviations: BBB, blood–brain barrier; B/F, bound-to-free ratio; nAChR, nico-
inic acetylcholine receptor; PET, positron emission tomography; 1TCM, one tissue
ompartment model.
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1. Introduction

The �4�2 nicotinic acetylcholine receptor (nAChR) system is
an important target for understanding the basis of a wide variety
of neuropathologies. NAChRs have been implicated in Alzheimer’s
disease (Court et al., 2001), Parkinson’s disease (Burghaus et al.,
2003), and tobacco addiction (Poirier et al., 2002), as well

as other neurodevelopemental and neurodegenerative processes
(Albuquerque et al., 2009). The agonist radioligand, [18F]nifene,
was developed as a marker for �4�2* nAChRs (the * denotes low
levels of binding to other subtypes with �4 or �2 subunits) with
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ositron emission tomography (PET) imaging (Pichika et al., 2006).
ur earlier work found high uptake of [18F]nifene consistent with
4�2 nAChR distribution in the rhesus monkey brain (Hillmer et al.,
011). [18F]Nifene also exhibits fast kinetic properties resulting

n accurate quantification of binding potentials in scan times of
5 min, demonstrating utility for investigating processes involving
4�2* nAChRs (Hillmer et al., 2012).

Recent experiments with [18F]nifene in the rat found similar
inding distributions and kinetic properties, however, evaluation
f the cerebellum as a suitable reference region was  inconclusive
Kant et al., 2011). The determination of a suitable reference region
s a critical validation step for analysis of binding levels in single
njection PET studies. Since the cerebellum is a large structure eas-
ly delineated without auxiliary MRI  data and often contains low
eceptor levels for neurotransmitters of interest (i.e. dopamine,
erotonin), it is commonly evaluated as such a reference region.
revious in vitro studies have shown the cerebellum to contain low
evels of �4�2* nAChRs (Happe et al., 1994), making it a candidate
eference region for evaluation.

The primary mechanism of action for the drug lobeline occurs at
he �4�2* nAChR site where lobeline binds with nanomolar affinity
Brioni et al., 1996). Interestingly, lobeline has been found to antag-
nize the effects of nicotine without eliciting a neural response
rom nAChRs. Therefore, lobeline has been considered as a potential
reatment for smoking cessation (Damaj et al., 1997). Previous stud-
es have also demonstrated that lobeline blocks the blood–brain
arrier (BBB) basic amine transporter with a sub-millimolar inhibi-
ion constant (Allen et al., 2003). In addition to nAChRs, lobeline has
ffinity for �-opioid receptors at sub-micromolar affinities (Miller
t al., 2007), and roughly 1–100 �mol  affinities for a wide variety
f monoamine transporters, including VMAT2, DAT, SERT, and NET
Miller et al., 2004; Teng et al., 1997). The chemical structures of
obeline, [18F]nifene, and nicotine are shown in Fig. 1. The high
ffinity of lobeline for the �4�2 nAChR and its inhibition of the
BB amine transporter make it an appealing compound for use in
tudying the in vivo kinetics of �4�2* nAChR radioligands with PET
maging.

The main aim of this work was to use dynamic PET imaging in the
at brain to assess competition between lobeline and [18F]nifene
t both the �4�2* nAChR site and the BBB amine transporter.
he effects of lobeline on the in vivo kinetics of [18F]nifene were
herefore examined in these two contexts. An ancillary goal was  to
etermine the extent of [18F]nifene binding in the rat cerebellum
o evaluate the use of this region as a reference. Knowledge of the

echanisms of lobeline competition with [18F]nifene will provide
aluable information for the development of PET experiments
o study the �4�2* nAChR system. These imaging experiments
lso represent alternative methods for interrogating the effects of
moking cessation therapeutics such as lobeline on the nicotinic
cetylcholine neurotransmitter system.

. Materials and methods

.1. Subjects and materials

The radiosynthesis of 2-[18F]fluoro-3-[2-((S)-3-pyrrolinyl)
ethoxy]pyridine ([18F]nifene) was performed according to

reviously reported methods (Hillmer et al., 2012). Specific
ctivities were in excess of 150 GBq/�mol  at the time of scan
tart. The nitro precursor was obtained from ABX (Radeberg,
ermany). (−)Nicotine hydrogen tartrate salt was  purchased
rom Sigma–Aldrich (St. Louis, MO). Lobeline hydrochloride was
cquired from TCI America (Portland, OR). Two female Sprague-
awley rats (170 g, 190 g) were acquired from Charles River
aboratories, Inc. (Wilmington, MA). All housing and experimental
ce Methods 214 (2013) 163– 169

protocols were approved by the institutional animal care and use
committee (IACUC).

2.2. PET procedures

For all PET experiments, subjects were initially anesthetized
with 5.0% isoflurane, then maintained with 2–3% isoflurane admin-
istered via a nose cone for the duration of the PET experiments.
The subjects were placed on a heating pad, with heart and res-
piration rates monitored throughout the experiment (BioVet Suite
with heating pad upgrade, M2M  Imaging). Subjects were positioned
with the brain at the isocenter of the PET scanner. PET data were
acquired with a Siemens microPET Inveon scanner, which has a field
of view of 12.7 cm in the axial direction and 10 cm in the transax-
ial direction with a reported in-plane spatial resolution of 1.5 mm
(Constantinescu and Mukherjee, 2009). After acquiring the emis-
sion data, the bed was  removed from the microPET scanner and
transferred to the adjacent microCT Inveon scanner to acquire X-ray
transmission data for scatter and attenuation correction. Following
completion of the transmission scan the subject was returned to its
cage and monitored until fully alert.

Two different PET scanning protocols, each described in detail
below, were used for the present work. A visual schematic of both
protocols is illustrated in Fig. 2. Each protocol was  conducted twice,
once on each of two rat subjects. At least two weeks passed between
each experiment to prevent residual drug from interfering with
future studies.

In the first experimental protocol, conducted with each of the
two subjects, an i.v. injection of approximately 30 MBq  high spe-
cific activity [18F]nifene in 500 �L saline was given simultaneously
with the initiation of data acquisition. PET data was  continuously
acquired throughout the experiment for a total of 90 min. After
40 min of data acquisition, 1.0 mg/kg lobeline hydrochloride in
300 �L saline was  administered intravenously to examine compet-
itive binding with [18F]nifene. A second lobeline dose (1.0 mg/kg
in 300 �L saline) was  administered 49 min  after scan start to
ensure complete �4�2* saturation by lobeline. After 50 min  of data
acquisition (1 min  after the second lobeline dose), an injection of
22–30 MBq  [18F]nifene was  given to examine changes in cerebellar
kinetics before and after lobeline.

A second experiment was designed to first fully saturate
the �4�2* system with (−)nicotine to isolate the BBB transport
process for subsequent injections of [18F]nifene. Acquisition of
PET data began with the intravenous administration of approxi-
mately 45 MBq  high specific activity [18F]nifene in 300 �L saline.
After 30 min  of data acquisition, 0.92 mg/kg (−)nicotine hydro-
gen tartrate salt (0.3 mg/kg free base) in 300 �L saline (i.v.) was
administered to displace specifically bound [18F]nifene. A second
injection of 30–35 MBq  [18F]nifene was  administered 40 min  after
scan start to track radioligand kinetics under �4�2* saturation
conditions. After 63 min  of data acquisition, lobeline (1.0 mg/kg in
300 �L saline, i.v.) was  administered. A third [18F]nifene injection
of 33–37 MBq  was given two  minutes after the lobeline, 65 min into
PET data acquisition, to examine changes in [18F]nifene plasma-to-
tissue transport and efflux in the presence of lobeline. The total
duration of PET acquisition for the second experiment was 90 min.

2.3. PET image analysis

The PET time series were binned from list mode data into
time frames ranging from 30 s to 120 s. Data reconstruction
was performed using filtered back projection with a 0.5 cm−1
ramp filter, and included corrections for arc, scatter, attenu-
ation, and scanner normalization. The resulting images were
denoised with the HYPR-LR algorithm (Christian et al., 2010)
using a 3 × 3 × 4 voxel kernel. The final images contained a
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Fig. 1. �4�2 nAChR ligands. Chemical structures of compounds with h

atrix size of 128 × 128 × 159 corresponding to voxel dimensions
f 0.78 mm × 0.78 mm × 0.90 mm.  No decay correction was per-
ormed on the data.

Regions of interest were hand drawn with multiple circles on
ate summed images using a rat brain atlas to guide region selec-
ion (Paxinos and Watson, 1998). The thalamus was selected as a
egion with high �4�2* nAChR concentration. The cerebellum was
hosen as a region with low �4�2* nAChR expression (Happe et al.,
994) and [18F]nifene uptake levels (Kant et al., 2011). The result-

ng thalamic region had a volume of 35 mm3 and the cerebellum
egion had a volume of 28 mm3.

To assess specific binding levels and directly compare radio-
igand uptake rates from different [18F]nifene injections, it was
ecessary to separately identify the contribution of each injection
o the total observed PET signal. To accomplish this, the resid-
al activity from each injection had to be subtracted from all
ubsequent injections. The design of both experimental protocols
resented herein included the presence of drugs competing with

18F]nifene at the �4�2* nAChR site prior to the second and third
18F]nifene injections. Therefore, negligible specific binding was
ssumed before and during the second and third [18F]nifene injec-
ions for analysis. The time course of nondisplaceable [18F]nifene,
hich includes both free and nonspecifically bound radioligand,
as parameterized with data from the second [18F]nifene injection

o uniquely identify the contribution of each [18F]nifene injection
o the observed PET signal.

Several assumptions were made to parameterize the time
ourse of nondisplaceable [18F]nifene. First, the washout of nondis-
laceable radioligand (CNDi) for injection i was assumed to be of
he simple exponential form CNDi = Mie−˛t for late times (>15 min
ostinjection) following the administration of radioligand. Second,
he washout rate of nondisplaceable radioligand, ˛, was assumed
onstant throughout each experiment. Finally, the constant Mi was
ssumed proportional to the administered [18F]nifene radioactiv-
ty for each injection, such that Mi = A·Di, where Di is the injected
18F]nifene radioactivity for the ith injection and A is a constant.

Since specific binding was present during the first injection,

he time course of nondisplaceable radioligand was  parameter-
zed with data from the second injection as described below.
n the absence of specific binding during the second injection,
he measured PET signal, PET2, can be taken to be the sum of

ig. 2. Experimental designs. (A) Protocol of Experiment 1, designed to examine the effect
liminated specific [18F]nifene binding with (−)nicotine to examine changes in [18F]nifen
ffinity for the �4�2 nAChR site: (−)nicotine, lobeline, and [18F]nifene.

nondisplaceable radioligand from the first and second injection, or
PET2 = CND1 + CND2. Using the three assumptions described above,
this relation can be expanded as PET2 = A · D1e−˛t + A · D2 e−˛(t−t2)

where ti is the time of radioligand administration for the ith injec-
tion. This equation can be simplified to PET2 = A(D1 + D2e˛t2 ) e−˛t

which allows the data to be fit to a single decaying exponential
function.

The cerebellar data from the second [18F]nifene injection was  fit
to the function PET2 = M2 e−˛t from 15 min  postinjection until sub-
sequent drug administration. This fit yielded the parameters M2 and
˛. To describe CND1 in the form CND1 = M1 e−˛t, M1 was derived with
the relationship M1 = M2 · D1/(D1 + D2e˛t2 ). Once CND1 and PET2
were parameterized, CND2 was  determined by CND2 = PET2 − CND1 to
yield the time course of nondisplaceable signal due exclusively to
the second injection. Similarly, the third [18F]nifene injection CND3
was determined with the relationship CND3 = PET3 − CND2 − CND1.

Because no blood sampling was  performed during these exper-
iments, specific binding levels during the first high specific activity
[18F]nifene injection were estimated with the ratio of bound radio-
ligand to “free” radioligand, B/F (where free radioligand includes
nonspecifically bound radioligand). This metric was  measured
with the relationship B/F = (CT − CND1)/CND1 where CT is the total
radioligand concentration and CND1 is the concentration of nondis-
placeable (free and nonspecifically bound) radioligand during the
first injection. Both CT and CND1 were estimated by averaging over
24–30 min  after scan start. The B/F ratios were used to approximate
[18F]nifene specific binding in both the thalamus and cerebellum.

2.4. Modeling simulations

Simulations were performed to reproduce the observed changes
in radioligand transfer between the arterial plasma and tissue due
to lobeline when the �4�2* nAChRs were saturated. The one tissue
compartment model (1TCM) was used to model the PET signal in
the absence of specific binding. The state equation describing the
1TCM is: dCT/dt = K1CA − k2CT where CT is the total concentration of
radiotracer present in the tissue including free, specifically bound,

and nonspecifically bound states (i.e. CT = CND + CB), and CA is the
concentration of parent radioligand in the arterial plasma. The rate
constants K1 and k2 describe bidirectional transport of radioligand
between the arterial plasma and the tissue. The PET signal is

s of lobeline on [18F]nifene binding and uptake. (B) Protocol of Experiment 2, which
e uptake rates due to lobeline.
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Fig. 3. Measured PET data from lobeline pre-blocking study, animal 1. The time
course of two [18F]nifene injections separated by displacement and blocking injec-
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Fig. 4. Measured PET data from study with (−)nicotine blocking followed by
lobeline, animal 1. The time course of three [18F]nifene injections is shown.
(−)Nicotine was administered after the first injection to eliminate specific bind-
ing.  The second [18F]nifene injection yields information on uptake rates of nifene in
the absence of specific binding. The third [18F]nifene injection measures changes to

the arterial input functions while keeping the delivery time and
ions of lobeline is shown. No corrections have been applied for injected activity or
he decay of radioactivity.

odeled by PET = CT + fv·CWB where the fractional blood volume fv
s assumed as fv = 0.04, and CWB is the concentration of radioactivity
resent in the whole blood. Simulations were performed with the
OMKAT software (Muzic and Cornelius, 2001).

Simulated data sets were generated based on the arterial input
unction and rate constants found in our previous [18F]nifene stud-
es with the rhesus monkey model (Hillmer et al., 2012). The 1TCM

as used to first generate PET data approximating the observed
ET signal due to nondisplaceable radioligand before the admin-
stration of lobeline with the rate constants K1 = 0.9 mL/min/mL
nd k2 = 0.2 1/min. This control simulation was then modified in
wo ways to qualitatively compare the perturbations in radioligand
ptake rates in the presence of lobeline. First, the rate constants K1
nd k2 were modified to simulate changes to the kinetic processes of
18F]nifene at the BBB. Second, the analytically defined input func-
ion was altered to mimic  changes in the behavior of [18F]nifene
n the plasma. A family of curves based on the original input func-
ion was generated where the area under the curve was  preserved
hile the peak concentration and sharpness varied. The different

nput functions were then used to generate modeled PET signals
sing the same original rate constants. Therefore, alterations in the
inetic behavior of [18F]nifene in both the tissue and plasma due to
obeline were approximated with simulations.

. Results

.1. PET experiments

The first set of experiments administered lobeline to exam-
ne its effects on the displacement of bound [18F]nifene and
ubsequent blocking following a second [18F]nifene injection. Dis-
lacement of bound [18F]nifene was evident in the thalamus as
hown in Fig. 3, with radioligand concentrations approaching cere-
ellar concentrations 10 min  after the administration of lobeline.
light displacement of bound [18F]nifene was also observed in the
erebellum, as the post-blocking injection of [18F]nifene revealed
educed radioligand binding when compared to the baseline data.
ssuming complete cerebellar displacement of [18F]nifene by

obeline, B/F ratios of 0.2 and 0.2 in the cerebellum and 1.4 and 1.6

n the thalamus were observed for the two subjects, respectively.

Because perturbations to the [18F]nifene curves occurred in the
erebellum during the first set of experiments, it was not possi-
le to distinguish lobeline’s action at the �4�2* receptor site from
uptake rates due to the presence of lobeline. No corrections have been applied for
injected activity or the decay of radioactivity.

changes to plasma-to-tissue transport. Therefore, the main goal of
the second set of experiments was  to remove specific �4�2* bind-
ing via blocking with (−)nicotine to isolate the BBB transport of
[18F]nifene and the effects of lobeline on this mechanism. Block-
ing of [18F]nifene binding in both the thalamus and cerebellum
was observed, as shown in Fig. 4. The administration of (−)nicotine
elicited B/F ratios of 0.3 and 0.4 in the cerebellum and 2.4 and 2.2
in the thalamus for the two  subjects, respectively.

The time courses of nondisplaceable radioligand from the first
two [18F]nifene injections (CND1, CND2) were parameterized and
subtracted from subsequent injections, as detailed in the methods
and illustrated in Fig. 5A. The resulting concentrations of nondis-
placeable [18F]nifene without lobeline (CND2) and with lobeline
(CND3) were normalized to the [18F]nifene radioactivity adminis-
tered for each injection and plotted on the same time scale to
directly compare changes in uptake rates induced by lobeline,
shown in Fig. 5B and C. The residual subtracted curves of [18F]nifene
indicated that uptake in the cerebellum occurred more slowly in
the presence of lobeline. Both time–activity curves from the sec-
ond and third injections (CND2 and CND3, respectively) followed
roughly the same trajectory at later times post-injection. Heart
rate and respiration rate were monitored throughout the duration
of the experiments with no significant change to either measure
throughout the course of the experiment.

3.2. Modeling simulations

Simulations were performed using the 1TCM (Fig. 6A) to repli-
cate the changes in [18F]nifene uptake induced by lobeline observed
in the second set of experiments (Fig. 5B–C). Simulations first
focused on altering the transport parameters and found that reduc-
tions of 13% in both K1 and k2, while holding their ratio constant,
qualitatively resulted in similar changes in [18F]nifene uptake as
illustrated in Fig. 6B. Additional simulations were then performed
to examine the effects of blood flow changes on the shape of
area under the curve constant as shown in Fig. 6C. The resulting
modeled PET signals (shown in Fig. 6D) revealed small changes in
the modeled time–activity curve at early time points, whereas the
later time points were similar for all input functions.
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Fig. 5. Effects of lobeline on [18F]nifene uptake rates in the cerebellum. (A) An illustration of the extrapolation fitting procedure used to derive curves of nondisplaceable
uptake CND1 and CND2. The data is from animal 1. No corrections have been applied for injected activity or the decay of radioactivity. (B and C) A time-shifted overlay of the
background subtracted time courses of [18F]nifene before (CND2, ©)  and after (CND3, ×) the administration of lobeline for the two  subjects (animals 1 and 2, respectively). These
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ata  (B and C) are scaled to the injected [18F]nifene dose for each injection. The inj
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. Discussion

Lobeline has two main mechanisms of action pharmacologi-
ally pertinent to the �4�2 nAChR system, namely, high nanomolar
ffinity for the �4�2* nAChR site comparable to that of (−)nicotine
Brioni et al., 1996), and inhibition of the BBB amine transporter
Allen et al., 2003). The effects of lobeline on [18F]nifene kinetics in
he rat model were investigated with the use of two experimental
esigns. The first experiment used lobeline to displace [18F]nifene
ound at the �4�2* nAChR site. The second, more complex, exper-

ment first saturated the �4�2* nAChRs with (−)nicotine to isolate
he kinetic effects of lobeline on transport of [18F]nifene from the
lasma to the tissue.

.1. The effects of lobeline on [18F]nifene binding

In the first experiments, lobeline (1 mg/kg i.v.) significantly dis-
laced bound [18F]nifene (see Fig. 3). Previous studies have found

hat a pre-blocking dose of 10–20 mg/kg lobeline administered
ubcutaneously lowered binding levels of �4�2* nAChR PET radi-
ligands (Horti et al., 1997; Kassiou et al., 1998), although this
eduction was not as strong as those elicited by (−)nicotine or

ig. 6. Simulations of [18F]nifene. (A) The one-tissue compartment model. (B) Simulated P
f  K1/k2 = 4.5. (C) Simulated input functions with different shapes but a constant area. (D)
 times are shifted to provide a direct comparison of the data following [18F]nifene

cytisine. The present studies similarly found that cerebellar dis-
placement of [18F]nifene with lobeline was  small compared to the
effects of (−)nicotine (compare Figs. 3 and 4). Consequently, the
B/F ratios were lower when nondisplaceable uptake was  based on
blockade of �4�2* receptors with lobeline compared to nicotine.
Since the administered 0.3 mg/kg (−)nicotine dose was previously
found to displace 95% of bound [18F]nifene (Kant et al., 2011),
lobeline may  incompletely displace bound radioligand at the given
1.0 mg/kg dosage.

The similarity of B/F ratios presented herein with those found
by Kant et al. (2011) and our previous studies in rhesus monkeys
(Hillmer et al., 2012) suggest that no residual mass effects occurred
from the first [18F]nifene injection. Based on our previous measure-
ment of the apparent (in vivo) KDapp of [18F]nifene in the rhesus
monkey (3 ± 1 pmol/mL, Hillmer et al., 2012), we  approximate that
the �4�2* receptor occupancy due to the nifene mass present from
radioligand injections is less than 5% throughout the course of both
experiments. The potential effects of a small nifene mass build-

up from the multiple radioligand injections on these experiments
would likely be negligible due to the presence of nearly saturat-
ing doses of (−)nicotine or lobeline at the receptor site during the
second and third [18F]nifene injections.

ET signal with values of K1 and k2 individually changed while keeping a fixed ratio
 The modeled PET signal resulting from the input functions in (C).
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The administration of (−)nicotine induced displacement of
18F]nifene in the cerebellum, as evidenced by the perturbation
f the time–activity curves in Fig. 4. Our earlier work has shown
he cerebellum to be a valid reference region for [18F]nifene in
he rhesus monkey (Hillmer et al., 2011), while previous studies in
ats suggested that nicotine had little effect on the time course of
18F]nifene in the cerebellum (Kant et al., 2011). The displacement
f [18F]nifene in the cerebellum observed with the experiments
eported herein indicate the presence of significant �4�2* nAChR
inding in the rat cerebellum. This finding is in agreement with
tudies using an analog radioligand of [18F]nifene, 2-[18F]FA-85380,
hich found the cerebellum to contain small amounts of specific

inding in the rat brain (Vaupel et al., 2007). Since no MRI  data
as acquired for partial volume correction or precise region delin-

ation, the identified ROI may  have contained spill-in signal from
urrounding structures or slightly inaccurate region identification.

 stereotaxic atlas was used to minimize these effects. The pres-
nce of detectable [18F]nifene binding in the cerebellum must be
onsidered in the analysis of future experiments in the rat model
o accurately quantify [18F]nifene binding.

Lobeline has pharmacological characteristics that make it
referable to other drugs as a blocking agent at the �4�2* receptor.
oth cytisine and nicotine exhibit broad pharmacological profiles
s they bind with high affinity to a wide range of nAChR sub-
ypes, including �2�2, �2�4, �3�2, �4�2, and �4�4 (Parker et al.,
998). While lobeline has a similar affinity compared to cytisine
nd nicotine for the �4�2 subtype, it has a much lower affinity for
he other subtypes, particularly those containing the �4 subunit
Parker et al., 1998). Lobeline has also been found to be roughly
0 times less potent at the �7* nAChR compared to nicotine and
ytisine (Houlihan et al., 2001; Miller et al., 2004), giving it advan-
ages over nicotine and cytisine in selectivity for the �4�2 subtype.
dditionally, chronic exposure of both nicotine and cytisine has
een found to upregulate nAChR expression, while this effect is
ot observed with lobeline (Bhat et al., 1991; Riganti et al., 2005).
s a result, measurement of binding levels with PET experiments

n subjects with long-term cytisine or nicotine exposure would be
ncreased relative to subjects naïve to these drugs. Lobeline may
e preferable as a partial agonist in repeated nAChR-blocking PET
xperiments if a nicotine-naïve state is desired for these subjects.

PET imaging techniques have been used to quantify the satura-
ion of �4�2* nAChRs by cigarettes (Brody et al., 2006), however,
hey have not been extensively used to evaluate smoking treat-

ent drugs. The PET experiments presented herein show rapid
isplacement of [18F]nifene by lobeline, demonstrating the fast-
cting nature and high affinity of the drug in vivo. Additionally,
he cerebral distribution of drug efficacy can be evaluated. Simi-
ar imaging protocols hold potential for further use in evaluating
rugs such as lobeline given explicitly for smoking cessation (e.g.
t therapeutic dosages and administration routes).

.2. Effects of lobeline on [18F]nifene transport rates

The main purpose of the second experimental design was to
etermine if lobeline altered the delivery of [18F]nifene between
he arterial plasma and the tissue. To accomplish this, (−)nicotine
as first given to saturate �4�2* specific binding. The PET signal

rom [18F]nifene could then be measured with no specific binding
omponent. A second injection of [18F]nifene following lobeline
osing was then used to examine changes in plasma-to-tissue

nflux and efflux.
Initial [18F]nifene delivery following the administration of
obeline was consistently reduced compared to the control con-
ition, as shown in Fig. 5. At later times, however, the time courses
ere indistinguishable. Assuming the time course of [18F]nifene in

he plasma is similar for both injections, the reduction in initial
ce Methods 214 (2013) 163– 169

[18F]nifene uptake following lobeline administration is consistent
with lobeline reducing both K1 and k2 within the framework of
the 1TCM. Since the late cerebellar concentrations both pre- and
post-lobeline were the same, it can be concluded that the distribu-
tion volumes (VT = K1/k2) remained unchanged. The transporter of
interest is a carrier-mediated process (Diamond, 1971), therefore
transport is assumed to be bidirectional and both K1 and k2 would
be expected to be altered by inhibition of this mechanism, given
sufficient time to reach equilibrium.

Simulations illustrated that reducing both K1 and k2 by 10–15%
produced changes to the corresponding PET signal similar to those
observed before and after lobeline blocking. If (−)nicotine were
to incompletely block binding of [18F]nifene and specific binding
were present, then the k2 parameter expands to k′

2 = k2/(1 + BPND),
where BPND is the binding potential specific to a reference region
with nondisplaceable radioligand uptake and represents specific
binding. Since lobeline is active at the �4�2* nAChR site, any pos-
sible changes to specific binding would decrease BPND, resulting in
an increase in k′

2. This is inconsistent with the simulated decrease
in k2, and suggests that the changes observed in [18F]nifene follow-
ing the administration of lobeline are not due to changes in specific
binding.

Possible blood flow dependent variations to the input function at
early time points were examined by broadening and sharpening the
shape to simulate alterations to delivery of radioligand to the tissue.
The simulated PET data indicated a small change in the modeled
PET signal at early time points that is also qualitatively similar to
the changes observed experimentally. Deviations to the shape of
the input function could be due to a number of causes, including
differences in bolus delivery or alterations in blood flow. While a
consistent heart rate was  observed throughout the course of these
experiments, this observation does not necessarily translate to a
consistent blood flow, particularly at the sensitive levels pertinent
to these findings. Therefore alterations to blood flow must be con-
sidered as a possible source of the observed changes in uptake rates
with and without lobeline.

The physiological basis for the changes in [18F]nifene transport
rates due to lobeline is unclear. A previous examination of modifi-
cations to cerebral blood flow with the radioligands [11C]raclopride
and [11C]cocaine resulted in equivalent variations in both K1 and
k2 values, thus maintaining the same VT (Logan et al., 1994). Since
Fig. 6B illustrates that the effects of lobeline decreased both K1 and
k2 in equal magnitude, it is therefore possible that the variations in
[18F]nifene delivery to the tissue are due to decreases in the blood
flow, potentially induced by the pharmacological effects of lobeline.
Alternatively, the presence of lobeline may  inhibit the transport of
[18F]nifene across the BBB. The reported Ki of lobeline for the BBB
amine transporter is 400 �M (Allen et al., 2003). The experiments
reported herein were limited to a 0.6 �mol  (3 �mol/kg) lobeline
dose due to the toxicity of the compound. Assuming a 10 mL  blood
volume for the rat, the lobeline concentration could be speculated
at roughly 60 �M once the drug equilibrated between the plasma
and transporter, not correcting for lobeline metabolism. Potential
interactions of lobeline with the BBB amine transporter at doses
less than 3 �mol/kg are likely below the detection sensitivity of PET
experiments. The BBB amine transporter possibly interacts with
the class of �4�2* nAChR radioligands in general, as an interac-
tion with this transporter was  previously observed in experiments
with [18F]flubatine (formerly [18F]NCFHEB, (Deuther-Conrad et al.,
2008)).

The BBB amine transporter is important as a candidate for
understanding the mechanism underlying the physiological pro-
cesses governing transfer of [18F]nifene from the plasma to the

tissue. Evidence of an inverse parabolic relationship between
lipophilicity and extraction across the blood–brain barrier has been
well established by previous experiments (Dischino et al., 1983;
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essler et al., 1991; Waterhouse, 2003). Our previous work reported
 high [18F]nifene K1 value of 0.9 mL/min/cm3 in the rhesus monkey
Hillmer et al., 2012), which would suggest near complete extrac-
ion of radioligand from the plasma to the tissue. However, the
0.5 log P value of [18F]nifene (Pichika et al., 2006) would predict
n extraction of [18F]nifene into the tissue of roughly 75% due to
assive diffusion (Dischino et al., 1983). A mechanism beyond sim-
le diffusion at the BBB would help explain the high extraction of

18F]nifene from plasma to tissue. Further studies with blood samp-
ing to allow for complete modeling of [18F]nifene kinetics in the
resence of lobeline are required to confirm the role of a poten-
ial transporter. In vitro studies which control cerebral blood flow

ay also be necessary to isolate the influence of lobeline at the
ransporter from blood flow effects.

. Conclusion

The presented experiments indicate that lobeline competes
ith bound [18F]nifene at the �4�2* nAChR site. Displacement

f [18F]nifene was observed not only in the receptor-rich region
f the thalamus, but also in the cerebellum, indicating that the
erebellum may  not be an appropriate reference region for the rat
odel. Evidence of reduced [18F]nifene plasma-to-tissue transport

nd clearance in the presence of lobeline was observed, however,
t could not be distinguished if this resulted from blood flow effects
r inhibition of the BBB amine transporter. The effects of lobeline
t the BBB amine transporter requires closer inspection to better
nderstand this interaction and its effect on [18F]nifene trans-
ort. The experimental methods presented here can be used for
uture PET experiments for better understanding the pharmacolog-
cal mechanisms of drugs developed for the treatment of smoking
ddiction.
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