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Abstract

Nicotinic acetylcholine a4p2* receptors (NAChRs) are implicated in various neurodegenerative
diseases and smoking addiction. Imaging of brain high-affinity a4p2* nAChRs at the cellular and
subcellular levels would greatly enhance our understanding of their functional role. Since better
resolution could be achieved with fluorescent probes, using our previously developed positron
emission tomography (PET) imaging agent [18F]nifrolidine, we report here design, synthesis and
evaluation of two fluorescent probes, nifrodansyl and nifrofam for imaging a4p2* nAChRs. The
nifrodansyl and nifrofam exhibited nanomolar affinities for the a42* nAChRs in [3H]cytisine-
radiolabeled rat brain slices. Nifrofam labeling was observed in a4p2* nAChR-expressing HEK
cells and was upregulated by nicotine exposure. Nifrofam co-labeled cell-surface a4p2* nAChRs,
labeled with antibodies specific for a B2 subunit extracellular epitope indicating that nifrofam
labels a4p2* nAChR high-affinity binding sites. Mouse brain slices exhibited discrete binding of
nifrofam in the auditory cortex showing promise for examining cellular distribution of a4p2*
nAChRs in brain regions.

Graphical abstract

Fluorescent probes for imaging a4p2* nAChRs were synthesized which exhibited nanomolar
affinities in [®H]cytisine-radiolabeled rat brain slices. Nifrofam labeling was observed in a4p2*
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nAChR-expressing HEK cells and was co-labeled with antibodies specific for a 2 subunit
extracellular epitope indicating that nifrofam labels a4p2* nAChR.

Nifrofam e e @4B2nAChR HEK Cells

Keywords
Fluorescence imaging; Nicotine; Nifene; Nifrolidine; Nifordansyl; Nifrofam

Neuronal a4p2* nicotinic cholinergic receptors (NAChRs) are involved in learning and
memory,! and functions such as control of movement, pain, reward as well as nicotine
addiction. Dysfunction of these receptors has been implicated in numerous human
conditions including Alzheimer’s disease, Parkinson’s disease, and others.? Due to the
clinical importance of nAChRs, evaluating the activity of these receptors can potentially
assist in understanding human illness. We have developed several positron emission
tomography (PET) imaging agents for non-invasive imaging of high-affinity sites on a4p2*
receptors including partial agonist [18F]nifene 1 which is currently being used in PET
imaging of various species®~ and humans.® Fluoroalky! derivatives such as [18F]nifrolidine
2 were also prepared as potential antagonists of a4p2* receptors.’2 Both [18F]nifene and
[18F]nifrolidine exhibit similar distribution in rat brain slices (Fig-LA-C). We have related
[18F]nifene binding in rat forebrain regions to each animal’s performance on an auditory-
cued, active avoidance task.10 Our results support the use of 18F-nifene for relating mature
nAChRs to behavior, and potentially for tracking the dynamics of brain networks during
learning acquisition and memory consolidation.

Imaging resolution using in vivo PET is in the range of 1.4 mm for small animals and 4.5
mm for humans. In vitro autoradiography using PET radioligands (as seen in Fig-1 B, C)
provides better resolution, but does not approach cellular level imaging. Thus, in order to
study cellular and subcellular distribution of the a4p2* nAChRs, fluorescent probes are
required. Efforts have been reported to derivatize epibatidine to provide fluorescent agonists
for neuronal and muscle-type nAChRs.1! Successful efforts have also been made in the
development of fluorescent probes for a7 nAChRs based on the structure of a-bungaratoxin
and the more selective a.-conotoxin.12 Knock-in mouse with yellow fluorescent protein
tagged nAChR subunits (including a4YFP) have been used to study chronic nicotine
administration and subcellular trafficking.13-14 However, the fluorescent protein tag is
present on all a4 subunits and cannot distinguish unassembled subunits and receptors
lacking high-affinity binding sites from nAChRs that contain high-affinity binding sites.
Indirect fluorescence methods using calcium imaging have been used to map presynaptic
functional NnAChRs.1® Currently there are no fluorescent small molecules available that bind
selectively to high-affinity neuronal a4p2* nAChRs.

Bioorg Med Chem Lett. Author manuscript; available in PMC 2019 April 14.
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Since [18F]nifene lacks appropriate functionality where a fluorophore may be appended, we
chose [18F]nifrolidine in order to design a suitable fluorescent probe. The fluorine atom in
the alkyl chain of nifrolidine can be replaced with the fluorophore while maintaining the
primary pharmacophore of the molecule. The 3-carbon chain at the 5-position in nifrolidine
does not adversely affect their binding to the a4p2* nAChRs.”? Similar findings of
retention of affinity for a4p2* nAChRs have been reported for other pyridylethers with alkyl
chains at the 5-position.16

However, the effect of the large fluorophores such as dansyl or fluorescein groups on the
binding to a4p2* nAChRs is not known. Figure 2 shows energy minimized structures of
nifrodansyl 4 (fluorine atom in nifrolidine 3 replaced with dansylamide) and nifrofam 5
(fluorine atom in nifrolidine 3 replaced with carboxyfluorescein). As can be seen in Fig-2A-
C, the backbone structure of the nifrolidine is not affected by these large bulky groups.
However, the spatial requirements of these large fluorophores may cause steric effects at the
nAChHR site. Carboxyfluorescein is larger than dansyl group which further increases the
spatial requirements for nifrofam compared to that for nifrodansyl.

Thus, in this paper we report the following: 1. Synthesis and characterization of 5-(3’-
propyldansylamide)-3-(2-(S)-pyrrolidinylmethoxy)pyridine (nifrodansyl, Fig-2, 4) and 5-
(3’ -propylfluoresciencarboxyamide)-3-(2-( S)-pyrrolidinylmethoxy)pyridine (nifrofam,
Fig-2, 5); 2. Measurement of in vitro binding affinities of nifrodansyl and nifrofam in rat
brain slices using [3H]cytisine to label the a4p2* nAChR sites; 3. In vitro fluorescence
binding studies of nifrofam to HEK cells that stably express a4p2 nAChRs; and 4. In vitro
fluorescence binding studies of nifrofam in mouse brain sections.

Synthesis of nifrodansyl was carried out by using modifications of the previously described
procedures for nifrolidine and is shown in Fig-3.” The key intermediate necessary for
derivatization was the A-BOC substituted amine 8. The A-BOC tosylate 6, synthesized
previously’, was first converted to the corresponding azide 7 in 60% yield by refluxing with
sodium azide in THF.17 After purification, the azide 7 was subsequently reduced using
lithium borohydride to the corresponding A-BOC amine 8 in 40% yield. Dansyl chloride
was then reacted with the purified A-BOC amine 8 to provide the substituted A-BOC
dansylamide 9 in 80% yield. Removal of the A-BOC protecting group using trifluoroacetic
acid resulted in nifrodansyl 4 in 90% yield. Compared to dansylamide, nifrodansyl was
found to be more polar due to the presence of the secondary nitrogen in the pyrrolidine ring
as seen in the thin layer chromatogram in Fig-3. The purified nifrodansyl 4 trifluoroacetate
salt was used for in vitro studies.

Synthesis of nifrofam was carried out by reacting the aforementioned A-BOC amine 8 with
5(6)carboxyfluorescein succinimidyl ester 10 to provide the corresponding A-BOC
carboxamide in >70% yield (Fig-4).18 Removal of the A-BOC protecting group using
trifluoroacetic acid resulted in nifrofam 5 in 75-80% yield. Nifrofam required more polar
solvent to elute and was more polar than nifrodansyl due to the presence of the secondary
nitrogen in the pyrrolidine ring and the polar phenolic groups as seen in the thin layer
chromatogram in Fig-4. the purified nifrofam 5 was used for in vitro studies as a
trifluoroacetate salt. It must be noted that the nifrofam 5 shows only the 5-carboxamido

Bioorg Med Chem Lett. Author manuscript; available in PMC 2019 April 14.
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derivative but may contain the 6-carboxamido regioisomer as well. In this initial study the 5-
versus 6-regioisomeric content of nifrofam was not established.

In vitro binding affinity studies of nifrodansyl and nifrofam were carried out on rat brain
slices labeled with [3H]cytisine.19 Figure 5B shows [3H]cytisine labeling of rat brain regions
of thalamus, frontal cortex, anterior cingulate, striatum, subiculum and cerebellum as
previously reported.29-21 With increasing concentration of nifrodansyl, binding of
[3H]cytisine was reduced from all brain regions (Fig. 5D). Measured inhibitory constants
(ICsgp) of nifrodansyl in the various brain regions were: frontal cortex= 1.91 nM; anterior
cingulate= 5.48 nM; striata= 0.68 nM; thalamus= 5.09 nM; subiculum=5.36 nM.

Nifrofam displaced [3H]cytisine from the various rat brain regions of thalamus, frontal
cortex, anterior cingulate, striatum, subiculum and cerebellum similar to nifrodansyl (Fig
6A). With increasing concentration of nifrofam, binding of [3H]cytisine was reduced from
all brain regions (Fig. 6B). Measured inhibitory constants (ICsg) of nifrofam in the various
brain regions were: frontal cortex= 10.8 nM; anterior cingulate= 5.91 nM; striata= 16.8 nM;
thalamus= 4.04 nM; subiculum= 10.2 nM.

Based on the crystal structure of the a4p2* receptor,2? the high-affinity binding sites sit at
the interface between the a4 and B2 subunits in the receptor complex. Binding of the
pyrrolidine ring nitrogen is likely at the a4 subunit side and since this part of the molecule
remains the same in the case of nifrolidine, nifrodansyl and nifrofam, high affinity for the
adf2* receptor sites is maintained. Variations in the binding affinity between nifrodansyl
and nifrofam may be due to the larger structural requirements and the constraints at the p2
subunit side of the site.

The binding affinity studies were carried out using [®H]cytisine which has been reported to
have a high affinity for a2p2 (1.07 nM), a4p2 (1.51 nM), a2p4 (5.41 nM) and a4p4 (2.10
nM) nAChR subtypes.23 Rat brain mRNA regional distribution suggests the predominant
receptor subtype is the a4p2 nAChR in the brain regions reported here.2* However
significant differences in binding affinities between nifrodansyl and nifrofam in the frontal
cortex and striatum were observed, compared to other brain regions. This may be due to
binding to other receptor subtypes in these brain regions. Further studies are required to
characterize subtype selectivity of nifrodansyl and nifrofam.

To examine the cellular distribution of a4p2* nAChRs with high-affinity binding sites, we
labeled live HEK cells stably expressing a4p2 receptors with nifrofam (Fig 7). We
compared nifrofam labeling in cells with and without exposure to nicotine for 17 hours to
test whether nicotine upregulation of the receptors altered the labeling consistent with the
upregulation. Nifrofam labeling was increased after nicotine exposure consistent with the 4—
5-fold increases of 1251-epibatidine binding observed with nicotine-mediated upregulation.
25,26 Together with the nifrofam labeling, the a4p2 receptors on the cell surface were
labeled with antibodies that recognized the B2 subunits tagged with the hemagglutinin (HA)
epitope (Fig 7A, D; labeled surface anti-HA), which also increased with upregulation caused
by a change in receptor conformation increasing binding sites numbers per receptor and
increases in receptor numbers.2% 26 The anti-HA antibodies labeled the a4p2* receptors on

Bioorg Med Chem Lett. Author manuscript; available in PMC 2019 April 14.
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the cell surface. In addition, it appears that a small amount of the labeled a4p2* receptors
were internalized over the 30 minute and the labeling had the appearance of an endosomal
pool. During the assembly and maturation of a4p2* nAChRs, high-affinity binding sites can
form on the receptors and the number of high-affinity binding sites is increased or
“upregulated” with long-term nicotine exposure.

Both nifrodansyl and nifrofam were used in preliminary binding studies in mouse brain
slices.2” Although dansyl group as a fluorophore has been used in the development of
fluorescent probes for pancreatic islet cells and other targets,28-30 detection of binding to
a4p2* nAChR sites with nifrodansyl proved to be difficult, primarily due to the inability to
achieve sufficient excitation. The dansyl group has been shown to have an excitation
wavelength of approx. 330-350 nm and an emission wavelength of approx. 500-520 nm.

Two-photon fluorescence microscopy may be useful in future experiments using nifrodansyl.
29

Studies with fluorescein (FAM) labeled molecules and macromolecules have been actively
pursued for both in vitro and in vivo applications.3! In vitro binding of nifrofam to mouse
brain sections were carried out in order to evaluate a4p2* nAChRs located in the auditory
cortex. Preliminary findings shown in Fig-8 indicates localization of nifrofam to a4p2*
nAChRs located in the auditory cortex regions. This is consistent with the presence of
a4p2* nAChRs in this brain region and also correlates to binding of PET agents such as
[18F]nifene in mouse brain slices.1% Currently experiments are underway in order to
optimize the specific binding of nifrofam while reducing the extent of nonspecific binding
and evaluate nicotine pretreatment effects.

The higher excitation wavelength of 465 nm is more amenable to fluorescence imaging
devices as demonstrated in our previously reported aloumin-FAM derivatives.32 Qur
preliminary findings of nifrofam binding to the a4p2* nAChR expressed on HEK cells and
in mouse brain sections shows promise in further evaluation of nifrofam cellular and
subcellular binding. Further studies are also underway to establish selectivity of nifrofam
binding to nAChR subtypes.

In conclusion, we have successfully developed fluorescent probes for the a4p2* nAChRs by
modifying our reported PET probes. Our findings suggest that the replacing the fluorine
atom with larger fluorophores moieties is tolerable at the receptor binding site with minimal
loss in affinity. This feature potentially opens up the possibility of incorporation of various
boron-dipyrromethene (BODIPY) fluorophores in order to red-shift fluorescence imaging of
a4p2* nAChRs which can be potentially useful in deep tissue as well as in vivo imaging.33
The potential to further increase the affinity also exists by using higher affinity analogs to
nifrolidine.® Our preliminary studies both in the stably expressed a482* nAChR on HEK
cells and mouse brain slices show promise in further understanding the physiological role of
this receptor system.
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All chemicals and solvents were of analytical or HPLC grade from Aldrich Chemical Co. and
Fisher Scientific. Electrospray mass spectra were obtained on a Model 7250 mass spectrometer
(Micromass LCT). Proton NMR spectra were recorded on a Bruker OMEGA 500 MHz
spectrometer. Analytical thin layer chromatography (TLC) was carried out on silica coated plates
(Baker-Flex, Phillipsburg, NJ). Chromatographic separations were carried out on preparative TLC
(silica gel GF 20x20 cm 2000 micron thick; Alltech Assoc. Inc., Deerfield, IL) or silica gel flash
column or semi-preparative reverse-phase columns using the Gilson high performance liquid
chromatography (HPLC) systems. 5-(3”-azidopropyl)-3-(1-BOC-2-(S)-
pyrrolidinylmethoxy)pyridine 7: 3-(1-tert-Butoxycarbonyl-2-(S)-pyrrolidinylmethoxy)-5-(3” (4-
methylbenzenesulfonyloxy)-propyl)pyridine 6 (34.2 mg, 70 umol; prepared previously,
Chattopadhyay et al. 2005) was reacted with sodium azide (100 mg, 1.54 mmol) in
dimethylformamide (1 mL containing 0.2 mL water). The reaction was heated for 24 hours and
extracted with dichloromethane. The dichloromethane extract was purified on preparative silica gel
TLC using 9:1 dichloromethane-methanol to provide pure 7 as an oil in 70% yield. NMR (CDClj3,
500 MHz) & ppm: Mass spectra (m/z, %), 362 ([M + H]*, 70%), 384 ([M + Na]*, 53%). 1H NMR
8.20 (s, 1H), 8.11 (s, 1H), 7.45 (s, 1H), 4.11 (m, 2H), 3.95 (m, 1H), 3.65 (m, 2H), 3.39 (t, 2H,
J=6Hz, CHoN3), 2.78 (m, 2H), 2.00 (m, 6H), 1.47 (s, 9H). 5-(3’-aminopropyl)-3-(1-BOC-2-(S)-
pyrrolidinylmethoxy)pyridine 8: The substituted azide 7 (20 mg; 55 pmol) was taken in anhydrous
THF (1 mL) into which 0.1 mL of 2M lithium borohydride was added. The reaction was stirred at
room temperature for 24 hours. The reaction was quenched with water and extracted with
dichloromethane. The organic extract was purified on preparative silica gel TLC using 9:1
dichloromethane-methanol to provide pure 8 as a yellow oil in 60% yield. Mass spectra (m/z, %),
336 ([M + H]*, 20%). NMR (CDCl3, 500 MHz) & ppm: 1H NMR & 8.20 (s, 1H), 8.11 (5, 1H),

Bioorg Med Chem Lett. Author manuscript; available in PMC 2019 April 14.
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7.45 (s, 1H), 4.11(m, 2H), 3.95 (m, 1H), 3.65 (m, 2H), 2.90 (t, 2H, CHoNHy>), 2.79 (m, 2H), 1.99
(m, 6H), 1.47 (s, 9H). 5-(3’-propyldansylamide)-3-(1-BOC-2-(S)-pyrrolidinylmethoxy)pyridine 9:
The amine 8 (15 mg; 45 pmol) was dissolved in dichloromethane (1 mL). To this solution, dansyl
chloride (24 mg; 89 umol) was added. The solution turned bright yellow and was stirred at room
temperature for 24 hours. The reaction was then washed with saturated sodium bicarbonate and
extracted with dichloromethane. The organic extract was purified on preparative silica gel TLC
using 9:1 dichloromethane-methanol to provide pure 9 as an oil in 80% yield. Mass spectra (m/z,
%): 569 ([M+H]", 100%). NMR (CDCl3, 500 MHz) & ppm: 1H NMR 6 8.43 (d, 1H, J=8Hz), 8.30
(d, 1H, J=8Hz), 8.20 (s, 1H), 8.11 (s, 1H), 8.10 (d, 1H), 7.60 (m, 2H), 7.45 (s, 1H), 7.20 (d, 1H),
4.05 (d, 2H), 4.11(m, 2H), 3.95 (m, 1H), 3.65 (m, 2H), 2.90 (t, 2H), 2.81 (s, 6H), 2.79 (m, 2H),
1.99 (m, 6H), 1.47 (s, 9H). 5-(3’-propyldansylamide)-3-(2-(S)-pyrrolidinylmethoxy)pyridine
(Nifrodansyl) 4: The dansylamide 9 (5 mg; 9 umol) was taken in dichloromethane (2 mL) into
which 0.1 mL of trifluoroacetic acid was added. The reaction was stirred at room temperature for
24 hours. The reaction was quenched with saturated sodium bicarbonate and extracted with
dichloromethane. The organic extract was purified on preparative silica gel TLC using 9:1
dichloromethane-methanol to provide >95% pure 4 in 60% yield as a brown oil. Mass spectra
(Miz, %): 469 (45%, [M + H]™). NMR (CDCl3, 500 MHz) & ppm: 'H NMR & 8.40 (d, 1H,
J=8.9Hz), 8.29 (d, 1H, J=8Hz), 8.20 (s, 1H), 8.11 (s, 1H), 8.10 (d, 1H), 7.60 (m, 2H), 7.45 (s, 1H),
7.20 (d, 1H, J=6Hz), 4.03 (d, 2H, J=7Hz), 4.10 (m, 2H), 3.95 (m, 1H), 3.65 (m, 2H), 2.90 (m, 2H),
2.81 (s, 6H), 2.79 (m, 2H), 1.99 (m, 6H).

5-(3 -propylfluoresceincarboxamide)-3-(2-(S)-pyrrolidinylmethoxy)pyridine (nifrofam)5: The
amine 8 (3 mg; 9 umol mmol) was dissolved in DMSO (0.2 mL). To this solution, fluorescein
NHS ester (8 mg; 17 umol) was added along with 0.1 mL water. The solution turned bright orange
and was stirred at room temperature for 24 hours. The reaction was extracted with
dichloromethane and purified on preparative silica gel TLC using 9:1 dichloromethane-methanol
to provide pure 5-(3’-propylfluoresceincarboxamide)-3-(1-BOC-2-(S)-
pyrrolidinylmethoxy)pyridine. Mass spectra (m/z, %): 694 ([M+H]*, 100%). 5-(3'-
propylfluoresceincarboxamide)-3-(1-BOC-2-( S)-pyrrolidinylmethoxy)pyridine was taken in
dichloromethane (2 mL) into which 0.1 mL of trifluoroacetic acid was added. The reaction was
stirred at room temperature for 24 hours. The reaction was quenched with saturated sodium
bicarbonate and extracted with dichloromethane. The organic extract was purified on preparative
silica gel TLC using 1:1 dichloromethane-methanol to provide >90% pure nifrofam 5 as a orange
oil in 50% yield. Mass spectra (m/z, %): 594 ([M+H]", 100%). NMR (CD30D, 500 MHz) & 8.20
(s, 1H), 8.11 (s, 1H), 7.75 (d, 1H, J=8Hz), 7.5 0 (d, 1H, J=8Hz), 7.45 (s, 1H), 6.90 (d, 2H,
J=8.5Hz), 6.60 (d, 1H, J=8.5Hz), 6.50 (d, 2H), 6.45 (s, 2H), 4.10(m, 2H), 3.95 (m, 1H), 3.65 (m,
2H), 2.85 (2H), 2.79 (m, 2H), 1.99 (m, 6H), 1.49 (s, 9H).

All animal studies were approved by the Institutional Animal Care and Use Committee of
University of California-Irvine. Ex vivo rat brain slices were prepared at 10 um thick using a Leica
1850 cryotome. Autoradiographic studies using [3H]cytisine and drug (nifrodansyl and nifrofam)
concentrations were carried out by exposing tissue radiolabeled brain sections on storage phosphor
screens (Perkin EImer Multisensitive, Medium MS). The apposed phosphor screens were read and
analyzed by OptiQuant acquisition and analysis program of the Cyclone Storage Phosphor System
(Packard Instruments Co., Boston, MA). Region-of-interest of same size were drawn and analyzed
on brain regions using OptiQuant software and binding of [3H]cytisine measured in Digital Light
Units/mm? (DLU/mm?). Data was analyzed using following procedure: (a) the non-specific
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Rat Brain Slice 18F-Nifene 1BFE_Nifrolidine

Figure 1. Lead PET a4p2 nAChRs probes for design of fluorescent probes
1. Chemical structure of [18F]nifene; 2. Chemical structure of [*8F]nifrolidine showing (blue

arrow) the possibility of replacing fluorine-18 (in red circle) with a fluorophore; A. Rat brain
slice showing different brain regions (FC: frontal cortex; ST: striata; TH: thalamus; HP:
hippocampus; SB: subiculum; CB: cerebellum); B. [18F]Nifene binding to the brain regions
shown in brain slice A; C. [*8F]Nifrolidine binding to the brain regions shown in brain slice
A
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Figure 2. Potential Fluorescence Imaging Agents for a4p2 nAChRs
A. Minimized energy structure of nifrolidine, 3 with reported high affinity for a4p2*

receptors; B. Energy minimized structure of nifrodansyl, 4, in which the fluorine atom in 3 is
replaced with the fluorescent moiety, dansylamide (marked in green bracket in 4). C. Energy
minimized structure of nifrofam, 5, in which the fluorine atom in 3 is replaced with the
fluorescent moiety, carboxyfluorescein (FAM, marked in green bracket in 5).
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Figure 3. Synthesis of Nifrodansyl
A. Sodium azide, DMF, trace water, reflux 24hrs. B. LiBH,4, THF, rt. 24 hrs. C. Dansyl

chloride, CH,Cly, Pyridine, rt, 24 hrs. D. Trifluoroacetic acid (TFA), CHCly, rt, 24 hrs.
Thin layer chromatography (9:1 CH,Cl,: CH30H) showing dansylamide (Rf= 0.8) on the
left lane and the more polar nifrodansyl (Rf=0.2) on the right lane.
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Figure 4. Synthesis of Nifrofam
A. FAM 5,6-NHS ester 10, DMSO, rt, 24 hrs. D. Trifluoroacetic acid (TFA), CH,Cly, rt, 24

hrs. Thin layer chromatography (1:1 CH,Cl,: CH30H) showing carboxyfluorescien NHS
ester 10 on the left lane (Rf=0.95) and the product mixture containing nifrofam 5 in the
right lane (Rf=0.2).
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Figure 5. Binding affinity curves for Nifrodansyl
(A) Scan of rat brain slice; (B) total binding of [3H]cytisine in different brain regions (AC,

anterior cingulate; TH, thalamus; SB, subiculum; FC, frontal cortex; ST, striatum; CB,
cerebellum); (C) binding of [3H]cytisine in the presence of 10 nM nifrodansyl; (D) Binding
of [3H]cytisine in the presence of different concentrations of nifrodansyl; (E) Competition
binding curves of nifrodansyl with [3H]cytisine binding in rat brain regions shown in (B).
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Figure 6. Binding affinity curves for Nifrofam
(A). Binding of [3H]cytisine in the presence of nifrofam (AC, Anterior cingulate; TH,

thalamus; SB, subiculum; FC, frontal cortex; ST, striatum; CB, cerebellum); (B).

Competition binding curves of nifrofam with [3H]cytisine binding in rat brain regions.
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Figure 7. a4B2pa stable cells - live labeling and live cell imaging
HEK cells stably expressing a4p2ya nicotinic receptor subtypes were untreated (top panel,

A-C) or treated with nicotine (10 uM for 17 hr; bottom panel, D-F). Nicotine was washed
off prior to labeling the live cells with antibody or ligand. Cell surface receptors were
labeled with anti-HA (B2 subunit has an HA tag at the extracellular C-terminus tail)
followed by Nifrofam (100 nM) and Alexa Fluor 568 anti-rabbit secondary antibody. Images
were taken on Marianas Yokogawa type spinning disk confocal microscope using 100X
objective. Images are z-projects of 25 slices taken with 0.2 pm step size. Nifrofam (B, E)
labeling showed high degree of co-localization with surface expressed p2 subunits (A, D).
Labeling with anti-HA antibodies and nifrofam was performed for 30 minutes at 37°C.
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Nifrofam

Figure 8. Mouse brain slice fluorescence images of Nifrofam
(A). Binding of nifrofam (0.5 uM) to distinct cell bodies (shown by arrows; 20x) in mouse

brain slices auditory cortex region. (B). Adjacent slices treated with ACSF alone (in the
absence of nifrofam) did not reveal any distinct fluorescent cell bodies.
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