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Abstract To better understand smoking cessation, we examined the actions of varenicline
(Chantix) during long-term nicotine exposure. Varenicline reduced nicotine upregulation of a432-
type nicotinic receptors (a432Rs) in live cells and neurons, but not for membrane preparations.
Effects on upregulation depended on intracellular pH homeostasis and were not observed if acidic
pH in intracellular compartments was neutralized. Varenicline was trapped as a weak base in acidic
compartments and slowly released, blocking '?*l-epibatidine binding and desensitizing 0432Rs.
Epibatidine itself was trapped; 125I-epibatidine slow release from acidic vesicles was directly
measured and required the presence of a42Rs. Nicotine exposure increased epibatidine trapping
by increasing the numbers of acidic vesicles containing 04B82Rs. We conclude that varenicline as a
smoking cessation agent differs from nicotine through trapping in 0482R-containing acidic vesicles
that is selective and nicotine-regulated. Our results provide a new paradigm for how smoking
cessation occurs and suggest how more effective smoking cessation reagents can be designed.
DOI: 10.7554/eLife.25651.001

Introduction

Tobacco continues to be widely used world-wide, primarily via cigarette smoking, and is the leading
cause of preventable deaths in the United States (National Center for Chronic Disease Prevention
and Health Promotion (US) Office on Smoking and Health, 2014). The currently approved treat-
ments for smoking cessation are nicotine replacement therapy, bupropion, and varenicline (Chantix).
While varenicline is the most effective, successful quit rates only reach ~50% of smokers
(Agboola et al., 2015). Other therapies or novel approaches are clearly needed to increase rates of
smoking cessation, and the design of smoking cessation reagents would be greatly aided with a
mechanistic understanding of how the reagents act.

Nicotine binds to high-affinity nicotinic acetylcholine receptors (nAChRs) in the brain, and binding
initiates its addictive effects. nAChRs are members of the Cys-loop family of ligand-gated ion chan-
nels, all of which are pentameric neurotransmitter receptors (Karlin, 2002; Albuquerque et al.,
2009). In the mammalian CNS, these critical binding sites are nAChRs composed of 0.2 - a6 and 82
- B4 subunits; the most predominant contains a4 and B2 subunits (Lindstrom, 1996, McGehee and
Role, 1995). The 0432 nAChR subtype (04B2R) is closely linked to nicotine addiction (Govind et al.,
2009; Vezina et al., 2007; Lewis and Picciotto, 2013). Loss of either subunit in a4 or 82 subunit
knockout mice reduces the pharmacological and behavioral effects of nicotine (Picciotto et al.,
1998, Marubio et al., 2003). In addition, targeted expression of 82 subunits in the brain ventral
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elLife digest Tobacco continues to be widely used worldwide, primarily via cigarette smoking,
and is a leading cause of preventable deaths. Stopping smoking is difficult because the nicotine in
tobacco is highly addictive, and so several drugs have been developed to help people break their
addiction. Varenicline (also known by the trade name Chantix) is a commonly prescribed anti-
smoking drug, but it is not fully understood how it works.

Nicotine affects the brain by binding to proteins called nicotinic acetylcholine receptors (nAChRs)
that sit on the surface of neurons. This binding releases a number of chemical signals, including
some that produce feelings of pleasure. Over time, the receptors become less sensitive to nicotine
and produce more “high-affinity” binding sites for nicotine to bind to. This adaptation is one reason
why stopping smoking can produce strong feelings of withdrawal.

Previously, varenicline was thought to partially activate nAChRs, preventing nicotine from binding
to the receptors. However, this can only explain how varenicline counteracts the rapid-acting effects
of nicotine, not nicotine’s longer-term effects. Furthermore, it was not known how nAChR signaling
responds to long-term exposure to a combination of both drugs (as occurs when people try to quit
smoking with the aid of varenicline).

Now, Govind et al. reveal how varenicline reverses the effect of long-term nicotine exposure on
nAChR signaling. Both varenicline and nicotine accumulate in acidic compartments — called vesicles
— inside cells, where they become charged and less able to move through the cell membrane. When
the vesicles also contain high-affinity nAChRs, varenicline becomes trapped inside them and is only
slowly released. By contrast, nicotine is not trapped because it exits the vesicles more rapidly. Long-
term exposure to nicotine greatly increased the number of vesicles that contained high-affinity
nAChRs, thereby trapping more varenicline.

One consequence of trapping varenicline was that the activity of the nAChRs on the surface of
the neuron was diminished, apparently through the slow release of the trapped varenicline from the
acidic vesicles. This slow release causes the receptors to enter a “desensitized” state in which they
do not signal.

Understanding how varenicline counteracts the long-term effects of nicotine on nAChR signaling
will help us to design more effective anti-smoking drugs. Govind et al. also found that compounds
similar to varenicline become trapped in vesicles, but it is not clear how the degree of trapping of a
compound correlates with how effectively it combats nicotine addiction. The results may also help us
to understand and treat addictions to other drugs of abuse, such as opioids, amphetamines and
cocaine, which have chemical properties that mean they might also be selectively trapped in acidic
vesicles.

DOI: 10.7554/¢elife.25651.002

tegmental area (VTA) of B2-knockout mice rescues nicotine-seeking behavior and nicotine-induced
dopamine release (Maskos et al., 2005).

Varenicline is a high-affinity partial agonist for 04B2R. The rationale for its design as a smoking
cessation reagent was predicated on the idea that a partial agonist could compete for and reduce
cell-surface 04B2R activation by nicotine, reduce dopamine overflow in the mesolimbic reward sys-
tem and thereby reduce the reward sensation of smoking (Rollema et al., 2007). Varenicline does
indeed reduce the rapid effects of nicotine on 04B2Rs in VTA dopaminergic neurons and acutely
reduces nicotine-induced dopamine release in the nucleus accumbens (Rollema et al., 2007). How
varenicline alters the longer-lasting effects of nicotine is less clear, however. Nicotine upregulation
of nAChRs is linked to different processes in nicotine addiction, including sensitization
(Govind et al., 2009; Vezina et al., 2007) and withdrawal (De Biasi et al., 2011) and is the only
effect of nicotine on NAChRs that lasts longer than a few minutes. Upregulation occurs when nicotine
exposure increases high-affinity nicotine-binding sites in brain, measured by radiolabeled agonists
such as nicotine (Marks et al., 1983; Schwartz and Kellar, 1983, Benwell et al., 1988,
Breese et al., 1997) or epibatidine (Perry et al., 1999). Chronic varenicline exposure in mice indu-
ces upregulation to the same degree, or even more than, chronic nicotine exposure when measured
using >H-epibatidine binding to membrane preparations from different brain regions
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(Hussmann et al., 2012; Turner et al., 2011). Recent studies using PET imaging in humans found
that reversal of 04B2R upregulation was correlated with less smoking relapse (Brody et al., 2013;
Staley et al., 2006; Cosgrove et al., 2009). Thus, the observation that varenicline induced upregula-
tion like nicotine was surprising and difficult to reconcile with its smoking cessation actions.

In this study, we describe novel, long-lasting changes in nicotine upregulation by varenicline and
other 04B2R ligands. The weak base nature of varenicline and other 04B82R ligands was fundamental
to this action on upregulation. Nicotinic receptor ligands that are weak bases have two states, the
membrane permeable uncharged state and the membrane impermeable protonated state. Nicotine
accumulates in intracellular acidic compartments of cells and neurons because it is more highly pro-
tonated at the lower pH (Brown and Garthwaite, 1979; Bhagat, 1970; Putney and Borzelleca,
1971), which leads to ‘trapping’ in these compartments in Xenopus oocytes expressing 0482Rs.
After removal of extracellular nicotine, nicotine slowly leaks from the intracellular compartments and
causes 04B2R desensitization at the plasma membrane (Jia et al., 2003). However, an analogous
phenomenon was not observed in mammalian cells heterologously expressing 04B2Rs (Jia et al.,
2003), raising questions as to its relevance to neuronal adaptations to chronic nicotine exposure.
Here we find that varenicline, as well as lobeline and epibatidine, are trapped as weak bases within
acidic vesicles of live mammalian cells and neurons; in contrast, nicotine rapidly exits these vesicles.
The trapping is selective depending on ligand pK, and affinity for 0482Rs in acidic vesicles. Using
123|_epibatidine binding, we directly measured trapping and slow release from acidic vesicles and
found it required a4B2R expression and increased with nicotine upregulation. Using pH-sensitive,
pHluorin-tagged o4 subunits, we found that nicotine increased the numbers of acidic vesicles con-
taining ai4B2Rs, thereby promoting accumulation of '#|-epibatidine. Our results provide a new para-
digm for how smoking cessation occurs and suggests how more effective smoking cessation
reagents can be designed.

Results

Varenicline and lobeline reduce nicotine upregulation assayed by '2°I-

epibatidine binding sites

We determined if the smoking cessation drug and partial agonist varenicline, as well as other nAChR
ligands, caused upregulation of nAChRs or altered nicotine upregulation using HEK cells stably
expressing 04B2Rs or cortical neurons expressing endogenous 04B2Rs. 04B2R upregulation was
assayed with two approaches: '#’l-epibatidine binding (Figure 1) or patch-clamp recording of ACh-
evoked currents (Figure 2). Binding and function were assayed following 17-20 hr treatments of cells
with control media, nAChR ligand (e.g., varenicline), nicotine (1 or 10 uM), and nAChR ligand co-
incubated with nicotine. All results were normalized to the amount of binding or mean current ampli-
tude observed with the nicotine-only condition (i.e., the upregulated state). Values for mean, vari-
ance and numbers of measures are given in the figure legends.

Varenicline (Figure 1A) at 30 uM did not upregulate '?*|-epibatidine binding in 0482R-expressing
HEK cells (Figure 1B, 'Var’, red columns in the left, ‘live cells’ half of the graph) nor in cortical neu-
rons (Figure 1F, left) following 17 hr of exposure. However, a full concentration-response curve with
chronic varenicline revealed an inverted U-shaped dependence of upregulation of binding that
peaked at 60-70% of that observed with nicotine, which occurred at varenicline concentrations
between 100 nM and 1 uM (Figure 1—figure supplement 1A, black circles). When co-applied with
nicotine, varenicline (30 uM) prevented nicotine upregulation of binding in both heterologous cells
and cortical neurons (Figure 1B,F). The reversal of the actions of nicotine on a4B2R binding also
was concentration-dependent, with upregulation decreasing exponentially with increased varenicline
concentration (Figure 1—figure supplement 1B, black squares). Thus, chronic varenicline exposure
precludes nicotine upregulation of binding when assayed in living cells.

Recent studies indicate that varenicline concentrations in the brain are likely to be higher than in
plasma because of the presence of high-affinity binding to nAChRs (Rollema et al., 2010). Based on
this study’s estimates, unbound varenicline concentrations in the brain fall in the range of 32 to 131
nM and plasma concentrations are approximately 4-fold lower. In addition, a previous study found
differences in varencilcine binding to human 04B82Rs compared to rat a4B2Rs when expressed in
Xenopus oocytes (Papke et al., 2010). In order to compare, human and rat 0432Rs at relevant
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Figure 1. Effect of smoking cessation reagents on a4B2R upregulation. (A) Nicotine, varenicline and lobeline chemical structures. (B) Varenicline and
lobeline reduced nicotine upregulation of a4B2Rs for live cells, but not membranes. '?*l-epibatidine binding performed on live 0:4B2R-expressing HEK
cells (left) (n = 3) or membranes (right) (n = 3). Cells were treated for 17 hr with 30 uM varenicline or 30 uM lobeline with or without 10 UM nicotine.
Specific epibatidine binding was represented as % of binding relative to nicotine upregulated cells (C) Model of varenicline (Var) trapping in acidic

Figure 1 continued on next page
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vesicles. Varenicline is trapped when protonated in the acidic vesicle lumen.a4B2Rs on the plasma membrane are depicted in two states: 04B2Rs with
and without high-affinity binding sites consistent with the findings of Vallejo et al. (Benowitz et al., 2009). (D) An intracellular acidic compartment is
required for varenicline and lobeline effects on upregulation. '?*l-epibatidine binding performed on live 0:482R HEK cells with 20 mM NH4Cl treatment
for 10 min. Cells were exposed to 30 uM varenicline or 30 uM lobeline with or without 10 UM nicotine for 17 hr as in (B) (n = 4). (E) A distribution plot
comparing the reduction in upregulation ('*°l-epibatidine binding) by varenicline and lobeline to the recovery after disruption of intracellular pH
gradient by membrane preparation or various agents that raise pH in intact cells. Each point represents the mean and the standard error of the mean
(s.e.m) from the indicated columns in Figure 1B,D, and Figure 1—figure supplement 2A,B. (F) '*°|-epibatidine binding on live cortical neurons
without (left) or with (right) 20 mM NH4Cl treatment. Neurons were exposed to varenicline or lobeline as in B) in the presence or absence of 1 uM
nicotine (n = 3). (G) Varenicline reduced nicotine induced upregulation of human a4B82Rs. '?I-epibatidine binding was performed on live cells either
stably expressing rat a4B2R or transiently expressing human 04B2Rs. HEK cells were transfected with human o4 and B2 subunits for 24 hr. Cells were
treated with 100 nM or 30 uM varenicline in the presence of 10 uM nicotine for 17 hr prior to '*l-epibatidine binding (n = 3). In all the column graphs in
(B, D, F, G): *p<0.05; **p<0.00 one by one-way ANOVA with Bonferroni's multiple comparison test; n indicates number of independent experiments
performed on separate days and cultures. Columns represent group mean and error bars are the standard error of the mean (s.e.m).

DOI: 10.7554/eLife.25651.003

The following figure supplements are available for figure 1:

Figure supplement 1. Dose dependence of varenicline and lobeline effects on upregulation.

DOI: 10.7554/eLife.25651.004

Figure supplement 2. Altering intracellular pH of acidic vesicles alters the effects of varenicline and lobeline.

DOI: 10.7554/eLife.25651.005

Figure supplement 3. Release by NH,Cl treatment of a4B2R ligands trapped inside the acidic compartment.

DOI: 10.7554/eLife.25651.006

concentrations, we measured the effect of varenicline on nicotine upregulation at 0, 100 nM and 30
UM. We found that at 100 nM varenicline nicotine upregulation was significantly reduced to ~60% of
the level without varencline (Figure 1G) for both rat and human 0482Rs. These results indicate that
varenicline should reduce nicotine upregulation at concentrations expected to exist in brain. In con-
trast, varenicline is unlikely to act as a partial agonist at these concentrations (Rollema et al., 2010).
We also found no significant differences between rat and human a482Rs at 0, 100 nM and 30 uM
varenicline (Figure 1G).

Another nAChR partial agonist, lobeline, reported to have smoking cessation activity
(Damaj et al., 1997; Miller et al., 2003) had effects similar to those of varenicline (Figure 1A).
Chronic exposure to lobeline alone or together with nicotine reduced '®°l-epibatidine binding levels
below that observed for the untreated cells and neurons (‘Lob’, blue columns in the left, ‘live cells’
half of the graphs in Figure 1B,F). The inverted U-shaped concentration-dependence of lobeline
effects on upregulation was similar to that of varenicline. '*|-epibatidine binding peaked at ~50% of
nicotine-induced upregulation, was maximal at 100 nM - 1 uM, (Figure 1—figure supplement 1C,
black circles), and co-incubation with nicotine reduced upregulation exponentially with increasing
concentrations of lobeline (Figure 1—figure supplement 1D, black squares). Lobeline therefore has
very similar effects as varenicline in preventing nicotine upregulation.

Intact HEK cells or neurons were required to observe the block by varenicline and lobeline of nic-
otine upregulation. If '®°|-epibatidine binding was performed on membrane fragments instead of
intact cells, varenicline upregulated '?°l-epibatidine binding in 0:4B82R-expressing HEK cells to the
same degree as nicotine and did not reduce nicotine upregulation (Figure 1B, red columns on right,
‘membranes’ half of the graph). Lobeline exposure upregulated '*°l-epibatidine binding to about
50% of that of observed with nicotine treatment and reduced nicotine upregulation by 50%
(Figure 1B, blue columns on right half of the graph). The effects of varenicline and lobeline on nico-
tine upregulation were therefore distinct in live cells and membrane fragments, which could explain
why previous studies found that chronic varenicline exposure upregulated *H-epibatidine binding to
brain tissue to the same degree as nicotine and reported no effect of varenicline exposure on nico-
tine upregulation (Hussmann et al., 2012; Turner et al., 2011). These experiments were done with
membrane preparations, whereas the suppressive activity of varenicline on nicotine upregulation
was only observed in intact cells.
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Figure 2. Effect of smoking cessation reagents on functional upregulation. (A) In this and other recordings, a 17-20 hr treatment with nicotine (Nic, 10
uM) induced a robust, ~5 fold, increase in peak current amplitudes evoked by 1 mM ACh from a4B82R-expressing HEK cells. Varenicline (Var, 30 uM)
treatment for an equivalent time had no effect on ACh-evoked peak current amplitudes alone but prevented upregulation of nAChR function when co-
incubated with nicotine. Traces represent currents evoked by ACh in cells that were untreated or treated for 17 hr with vehicle, nicotine, varenicline, or
with varenicline and nicotine. The number of recordings were 16, 18, 18, and 17, respectively. (B) Chronic lobeline (Lob, 30 uM) exposure reduced the
peak ACh current amplitude relative to control and prevent nicotine upregulation. Traces represent currents evoked by ACh in cells that were untreated
or treated for 17 hr with vehicle, nicotine, lobeline, or with lobeline and nicotine. The number of recordings were 13, 18, 13, and 15, respectively. (C)
NH4Cl treatment (two 10 min washes) partially reverses the suppressive effects of varenicline on nicotine-induced functional upregulation. Traces show
representative currents evoked by ACh from cells pretreated for 17-20 hr with vehicle, nicotine, or nicotine and varenicline before exposure to NH4CI.
The varenicline-alone condition is omitted for clarity. The graph is as in (A) except that the cells were treated with NH,4Cl as noted. The profound
reduction in nicotine-induced upregulation caused by varenicline co-incubation was lessened following treatment with NH4Cl. The number of
recordings were 21, 22, 25, and 25, respectively. (D) Traces show representative currents evoked by ACh from cells pretreated for 17-20 hr with vehicle,
nicotine, or nicotine and lobeline before exposure to NH4Cl. In this dataset, lobeline-induced suppression of nicotine upregulation was modestly
attenuated by treatment with NH4CI. The number of recordings were 14, 15, 16, and 19, respectively. In all the column graphs: * p<0.05; **p<0.01;

***5<0.001 by one-way ANOVA with Tukey’s multiple comparison test. Columns show group mean and error bars are the s.e.m.
DOI: 10.7554/eLife.25651.007

An intracellular acidic compartment is required for varenicline and
lobeline effects on upregulation and ACh-activated currents

An attractive hypothesis to explain why intact cells were required for suppression of upregulation is
that varenicline and lobeline, as weak bases, are concentrated and trapped in intracellular acidic
compartments where they are highly protonated. A schematic of how this might occur is displayed
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in Figure 1C. This process was described previously for nicotine in Xenopus oocytes expressing
04B2Rs (Jia et al., 2003); furthermore, slow release of nicotine from acidic compartments caused
04B2R desensitization, thereby reducing ACh-induced a4B2R currents. We postulated that similar
processes could account for the differential effects of varenicline and lobeline exposure on nicotine-
induced upregulation in live cells versus membrane fragments (Figure 1B). That is, varenicline and
lobeline also could be trapped due to protonation, slowly leak out after removal from the extracellu-
lar solution, and consequently reduce '®l-epibatidine binding and functional upregulation as shown
in Figures 1 and 2.

To test this hypothesis, we determined if suppression of nicotine upregulation by varenicline and
lobeline was relieved by increasing the pH of intracellular compartments, thereby reducing the pro-
tonation of the two nAChR ligands. The pH gradient was made more basic using three different
strategies. First, live HEK cells were incubated briefly with ammonium chloride (NH4Cl; 20 mM) prior
to '%|-epibatidine binding. We reasoned that this should result in '®°l-epibatidine binding similar to
that observed with the membrane preparation in Figure 1B (right half) as a result of shifting the
equilibrium to uncharged species of the ligands at more basic pHs. NH4Cl treatment altered the
effects of varenicline and lobeline on '#’l-epibatidine binding; both ligands produced upregulation
of binding (Figure 1D left half, Figure 1—figure supplement 1A,C), in contrast to their actions at
physiological pH (Figure 1B, leftmost trio of columns). Moreover, NH,4Cl exposure following co-incu-
bation with nicotine relieved the suppression of upregulation by varenicline and lobeline (Figure 1D,
right trio of columns, Figure 1-figure supplement B, D), such that 125I-epibatidine binding in these
conditions were indeed similar to the results using membrane preparations (Figure 1B, rightmost
trio of columns). NH4Cl treatment of cultured cortical neurons had similar effects on 125I-epibatidine
binding after varenicline or lobeline exposures (Figure 1F, right half of graph). We also obtained
similar '®I-epibatidine binding results with HEK cells using two other methods to reduce the pH gra-
dient - incubation with the proton pump inhibitor bafilomycin A (Baf, 50 nM; Figure 1E, Figure 1—
figure supplement 2A) or with the weak base chloroquine (Chlor, 150 uM; Figure 1E, Figure 1—
figure supplement 2B). In Figure 1E is a comparison of how varenicline (Var) or lobeline (Lob)
affects '?°l-epibatidine binding to 04B2R-expressing HEK cells for all of these conditions. When per-
formed on membrane preparations or in conditions that increased the pH of cellular acidic compart-
ments, '%°l-epibatidine binding was increased consistent with upregulation of o4B2Rs. This
upregulation of binding was not observed for intact cells.

The second assay we used for 04B2R upregulation was to measure changes in the mean ampli-
tude of ACh-induced currents in the receptor-expressing HEK cells following exposure to nicotine or
other agents (Figure 2). Cells were treated for 17-20 hr as shown; we then carried out whole-cell
voltage recordings while rapidly applying ACh (1 mM) for 1 s. Nicotine upregulation of currents from
04B2R-expressing HEK cells was observed as an increase by ~5 fold in mean peak current ampli-
tudes (e.g., Figure 2A, white vs. black column). Varenicline and lobeline (both at 30 uM) exposure
altered the ACh-induced currents in parallel with what we observed in '*l-epibatidine binding
assays with live cells (Figure 2A,B). Exposure to varenicline alone did not alter nAChR current ampli-
tudes, whereas lobeline reduced the mean amplitude to below that of control (untreated) receptor
currents. When co-incubated with nicotine, both varenicline and lobeline occluded functional upre-
gulation; lobeline treatment again reduced nAChR currents to a mean amplitude below even that of
the control group. Neither treatment changed the time course of desensitization of the ACh cur-
rents. Thus, varenicline and lobeline prevented nicotine-induced functional upregulation of a4B82R
nAChR currents. NH4Cl (20 mM) treatment also partly restored nicotine-induced functional upregula-
tion of ACh currents in lobeline and varenicline treated 0432R-expressing HEK cells (Figure 2C,D),
albeit to a lesser degree than as observed with the binding experiments.

We performed additional experiments to test whether varenicline and lobeline are released from
intracellular acidic compartments after being trapped in the 0:4B2R-expressing HEK cells. The proto-
col is displayed schematically in Figure 1—figure supplement 3A. Briefly, HEK cells chronically
treated with varenicline or lobeline for 17 hr were washed to remove free ligands and incubated
with NH4Cl-containing PBS for 10 min, which we predicted would cause varenicline or lobeline to be
rapidly released from intracellular acidic compartments. The supernatant from the treated cells was
then added to a different set of receptor-expressing HEK cells that had not been exposed to vareni-
cline or lobeline. '*®|-epibatidine binding was performed on the second set of cells to test whether
each supernatant contained competitive ligands that reduced binding (indicative of the presence of
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varenicline or lobeline). Consistent with the release of varenicline and lobeline from intracellular
acidic compartments, '?°|-epibatidine binding was highly reduced for cells that received the bathing
solution from cells chronically treated with varenicline or lobeline as compared to untreated cells
(Figure 1—figure supplement 3B). These results strongly suggest that the weak bases re-equilibrate
across the plasma membrane from intracellular compartments in NH4Cl, and that they concentrate
in sufficiently high concentration to compete for binding to nAChRs.

nAChR weak base ligands exhibit different degrees of intracellular
trapping

We next tested if nicotine itself was trapped in intracellular compartments of HEK cells expressing
04B2Rs. Nicotine upregulation of '?*|-epibatidine binding from live cells was similar to that in mem-
brane preparations (Figure 1) and following neutralization of the pH gradient of acidic compart-
ments (Figure 1D). Functional upregulation of ACh currents by nicotine also did not change if the
pH gradient of acidic compartments was diminished (Figure 2C,D). These observations are consis-
tent with previous findings that nicotine is not trapped in the acidic compartment of a4B82R-express-
ing HEK cells (Jia et al., 2003).

We tested whether other 0i4B2R ligand weak bases were trapped in the intracellular acidic com-
partment like varenicline and lobeline. Dihydro-beta-erythroid (DHBE, Figure 3A) is a weak base and
a 04B2R competitive antagonist. Despite being a competitive antagonist, DHBE was found to induce
upregulation of 04B2R high-affinity binding sites (Whiteaker et al., 1998). Consistent with previous
findings, we observed a 2-fold upregulation of '?*I-epibatidine binding with 17 hr of exposure of the
cells to 100 uM DHBE (Figure 3B). At this concentration, acute application of DHBE completely
inhibits ACh-induced currents (data not shown), as was shown previously (Wu et al., 2006). Con-
versely, prolonged DHBE exposure upregulated ACh-induced currents, similar to the binding sites
(Figure 3E). DHBE did not occlude nicotine upregulation when the two ligands were co-incubated,
however, demonstrating that it has a different effect on functional upregulation than varenicline and
lobeline. Like nicotine, we see no evidence of DHBE being trapped in binding assays; upregulation
of '®°|-epibatidine binding was unchanged whether membranes were assayed (data not shown) or if
the pH gradient of acidic compartments was diminished with NH,4Cl treatment (Figure 3B, green
columns in the right half of the graph).

Why do the weak bases nicotine and DHBE differ from varenicline and lobeline with respect to
trapping? One likely factor is their degree of protonation at the pH found in intracellular compart-
ments (pH 5-6). Protonation of weak bases depends on the acid dissociation constant, pKa
(Trapp et al., 2008), and the pKa values of nicotine and DHBE are significantly lower than those of
varenicline and lobeline (Table 1). Based on this correlation between their physical properties and
our current data, we propose that nicotine and DHPBE are less likely than varenicline and lobeline to
be trapped because they are less likely to be in their protonated form in an acidic compartment.

As another test, we examined how the noncompetitive antagonist mecamylamine (Figure 3A), a
weak base with a pKa higher than that of varenicline and lobeline (Table 1), altered binding or func-
tional activity alone and when co-incubated with nicotine. For exposures for 17-18 hr at concentra-
tions up to 100 uM, there was no evidence of upregulation as assayed by '®I-epibatidine binding
(Figure 3D) or by ACh-induced currents (data not shown). Acute application of mecamylamine (100
uM) inhibited ACh-induced currents (data not shown) as previously observed (Wu et al., 2006), con-
firming that the drug had the expected pharmacological activity. Despite its high pKa value, we
observed no evidence of mecamylamine being trapped because there was no difference in the bind-
ing when performed on membranes (data not shown) or if the pH gradient of acidic compartments
was diminished with NH,4ClI treatment (Figure 3D). We propose that two possible mechanisms could
account for the lack mecamylamine trapping and the absence of an effect on nicotine upregulation
of nAChR current amplitudes. The ligand has a very high pKa (11.2) and therefore might be in a pro-
tonated state and unable to permeate the plasma membrane. However, mecamylamine appears to
readily cross the blood-brain barrier and cell membranes (Shytle et al., 2002). A more likely possibil-
ity is that trapping also requires high-affinity ligand binding to 04B82R located within acidic compart-
ments. The affinity of mecamylamine for its 04B2R binding site is very low (Table 1) and thus
accumulation is precluded as discussed below.

We predicted that epibatidine itself would be trapped in acidic compartments if indeed a high
pKa value (greater than that of nicotine) and high-affinity binding to a4B2R sites are important

Govind et al. eLife 2017;6:€25651. DOI: 10.7554/eLife.25651 8 of 23


http://dx.doi.org/10.7554/eLife.25651

LI FE Research article

Human Biology and Medicine | Neuroscience

A , B o0- a4p2 HEK cells
DHBE mecamylamine
H,CO CH, -
o
CH -8 L
s 5 ®
0 CH, o Qo
| N Rg=
HN. o 0O
o} ~~cH =
3 L%E
Lo g O
epibatidine g e
H N
- DH - DH - DH - DH
-Nicotine  +Nicotine | -Nicotine  +Nicotine
-NH,CI +NH,ClI
C a4p2 HEK cells D e G
120 1 sk - 120 A five cellsiNH,
1 ]
100 A 100+ #
o e}
T o T @
S % 80- 55 801
S £ 39
2.9 607 2.9 601 A A
pd pd
L L A
= G 401 = © 40-
o X o X
201 201 @ P
L
T Epb - Epb - Epb - Epb DH Mec Epb DH Mec Epb
-Nicotine +Nicotine | -Nicotine +Nicotine -Nicotine +Nicotine
-NH,CI +NH,ClI
E DHBE B 140 - * F epibatidine B 140 - kil
s 4 g ]
Ach £1204 Ach £1204
4 © - Saline ™ sy 1) i
Saline Z 100 NiC/EpB Z 100 -
Y— B p Y -
o s}
Nic/DH & 807 & 807
g 60 - g 60
DH =] 7 =] )
£ 40- £ 40-
o 1 o i
& 20- & 20-
X : ~ 4
®© 0- @® .
Q - DH - DH o - Epb - Epb
-Nicotine +Nicotine -Nicotine +Nicotine

Figure 3. 0432R weak base ligands exhibit different degrees of intracellular trapping. (A) DHBE, mecamylamine and epibatidine chemical structures. (B)
NH,Cl treatment does not alter DHBE (DH) upregulation. '?I-epibatidine binding performed on live ai482R-expressing cells without (left) or with (right)
NH4Cl treatment as in Figure 1D. Cells were treated for 17 hr with 100 uM DHBE with or without 10 uM nicotine (n = 6: -NH4Cl; n = 4: +NH,4Cl)). The
profile was similar to cells washed with PBS, indicating no effect of pH on DHBE. (C) Intact cells were treated with 30 uM epibatidine (Epb) and '?I-
epibatidine binding were performed after incubating the cells with (left) or without (right) 20 mM NH4CI/PBS (n = 3). Column graphs in (B, C): ***,
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p<0.001 by one-way ANOVA with Bonferroni’s multiple comparison test. n indicates number of independent determinations on separate days and
cultures. (D) A distribution plot comparing upregulation ('*l-epibatidine binding) by DHBE, mecamylamine and epibatidine before and after disruption
of intracellular pH gradient by various agents that raise pH in intact cells. Each point represents the mean and s.e.m from the indicated columns in
Figure 3B,C with the exception of the mecamylamine data, where the data are not displayed elsewhere, and the points are the means and s.e.m

(n = 4) where n indicates number of independent determinations on separate days and cultures. (E) ACh-evoked currents following 17-20 hr treatment
of 0dB2-expressing HEK cells with vehicle, nicotine, DHBE (DH, 100 uM), or nicotine and DHBE. The number of recordings were 17, 21, 15 and 21,
respectively. DHBE appeared to upregulate ACh function but the currents were variable in their amplitude and the mean was not statistically different
from the vehicle group. No attenuation of nicotine upregulation was observed with DHBE. (F) Epibatidine (Epb, 30 uM) shows effects on ACh currents
similar to that of varenicline. Current amplitudes were similar to the vehicle control when cells were incubated with epibatidine alone, but co-incubation
with nicotine prevented functional upregulation. The number of recordings were 14, 22, 17 and 24, respectively. In all the column graphs: *p<0.05;
**p<0.01; ***p<0.001 by one-way ANOVA with Tukey's multiple comparison test; n indicates the number of experimental repetitions. Columns show
group mean and error bars are the s.e.m.

DOI: 10.7554/elife.25651.008

The following figure supplement is available for figure 3:

Figure supplement 1. Dose dependence of epibatidine effects on upregulation.
DOI: 10.7554/elife.25651.009

determinants of this phenomenon. The pKa value and affinity for epibatidine are both higher than
those for varenicline and lobeline (Table 1). In intact cells, epibatidine (30 uM) did not promote
upregulation of either '?*|-epibatidine binding (Figure 3C left half, D; Figure 3—figure supplement
1A) or ACh-induced currents (Figure 3F). However, epibatidine reduced nicotine-induced upregula-
tion in both assays (Figure 3C left half, D; Figure 3—figure supplement 1B). These effects of epiba-
tidine on binding sites changed when the cells were treated with NH,4Cl (Figure 3C right half, D;
Figure 3—figure supplement 1A,B). With NH,CI treatment, we observed upregulation of '®I-epi-
batidine binding to 60% of the nicotine induced value and that nicotine upregulation was reduced
by 40%. Thus, epibatidine behaves in a qualitatively similar way as varenicline and lobeline with
respect to upregulation and therefore is subject to trapping in intracellular compartments, consistent
with the phenomenon arising from a combination of high binding affinity for the receptor and a very
basic pKa.

Direct measurements of '?°l-epibatidine trapping and rate of release

In the preceding experiments, we inferred that trapping in intracellular compartments produced the
agonist-specific effects observed in binding and functional assays. We next attempted to directly
measure '®l-epibatidine trapping and release from acidic compartments. We anticipated that intra-
cellular trapping of the radioligand results in two distinct pools of '?*|-epibatidine in the cells: one
pool represents '?l-epibatidine bound to intracellular and cell-surface 0:482Rs, whereas the second

Table 1. pK_s and Kis for the studied weak base 04B2R ligands

pKa
Weak base (Basic) K; Trapping
Varenicline 9.2 (Unal et al., 2012) 0.4 nM (Rollema et al., 2010) Yes
(partial agonist)
Lobeline 8.8 (Drugbank, 2016) four nM (Damaj et al., 1997) Yes
(partial agonist)
Epibatidine 9.5 (ChEMBL, 2017) 0.01-0.05 nM (Whiteaker et al., 1998; Yes
(agonist) Badio et al., 1994)
Nicotine 8.0 (Barlow and Hamilton, 1962) eight nM (Whiteaker et al., 1998) No
(agonist)
DHBE 7.3 (ChEMBL, 2017) 0.3 uM (Whiteaker et al., 1998) No
(competitive antagonist)
Mecamylamine (noncompetitive 11.2 (Remington and Beringer, 2006; >1 mM (Whiteaker et al., 1998) No
antagonist) Nangia et al., 1996)
DOI: 10.7554/elife.25651.010
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pool would arise from unbound '?°l-epibatidine trapped within intracellular acidic compartments.
These two pools were differentiated by analysis of the association and dissociation kinetics of '?°I-
epibatidine binding in living receptor-expressing HEK cells. First, association rates were determined
to test if "®|-epibatidine binding to intracellular a4B2Rs is significantly slower than to cell-surface
04B2Rs, which would be revealed as an association rate curve with two or more rates of binding.
However, the data are consistent with a single exponential process and an association rate constant
of 3.8 x 107 (M-sec)™" (Figure 4—figure supplement 1), similar to previous measurements using
3H-epibatidine on isolated membrane preparations containing 04B2Rs (Whiteaker et al., 1998;
Gnadisch et al., 1999; Shafaee et al., 1999) and to intact cells (Whiteaker et al., 1998). The single
association rate is consistent with '?*|-epibatidine binding with very similar rates to all cellular
04B2Rs and indicates that the radioligand crosses cellular membranes rapidly enough that perme-
ation does not significantly contribute to the binding rate (Figure 4E).

Second, analysis of the dissociation of '#l-epibatidine exiting the o4B2R-expressing cells
revealed a biphasic time course that was best fit as the sum of two exponential processes
(Figure 4A). The faster dissociating component (t = 11.4 min; 1.5 x 1073 sec™"),~40% of the total
binding, was similar to rates previously measured for unbinding of radio-labeled epibatidine from
04B2Rs in membrane fragments. In contrast, the slower dissociation component (t = 47 hr) had a
rate constant of 6.0 x 107° sec™" and therefore was >100 fold slower than previous measurements
of 12%|-epibatidine unbinding from a4B82Rs. We hypothesize that this slow component of '%°I-epibati-
dine dissociation arose from radioligand trapped in intracellular acidic compartments (illustrated in
Figure 4E).

The slowly dissociating component in the preceding assays could in part arise from rebinding of
12%|_epibatidine to receptors within intracellular compartments, because epibatidine is a high-affinity
agonist and the measured dissociation rate was slow enough to allow repeated cycles of binding
and unbinding. We found that 0.10-0.20 pmol of '?*|-epibatidine dissociated during the faster disso-
ciation component in the assay shown in Figure 4A, which corresponds to a concentration of 0.2—-
0.4 nM free '®|-epibatidine in our 0.5 ml assay volume of the eppendorf tube used in these assays.
We predicted that rebinding of radioligand to the receptor should occur at this concentration; to
test this hypothesis, we included a membrane-permeable competitive ligand, nicotine (100 uM), at
the start of the dissociation measurements. Dissociation of '?°|-epibatidine in the presence of nico-
tine occurred with a much faster overall time course, such that the radioligand was released in less
than a minute rather than being trapped for hours. The rapid release of radioligand was followed by
a slower time course of dissociation (1 = 24 min at 37°C), which is typical of rates (7.0 x 107% sec™")
previously measured for the dissociation of *H-epibatidine from a482Rs and dissociation constants
for affinity (Kp = 18 pM) (Whiteaker et al., 1998, Gnadisch et al., 1999, Shafaee et al., 1999).
Thus, rebinding of epibatidine to nAChRs in intracellular compartments contributes to the slowly dis-
sociating pool of radioligand.

We used a high nicotine concentration, 100 uM, to prevent rebinding of '®l-epibatidine in the
experiments shown in Figure 4B, but the Ki value for nicotine for a4B2R binding sites is much lower
(8 nM; Table 1); in principle, even 100 nM nicotine added during the dissociation measurement
should block essentially all rebinding of '?*|-epibatidine. We tested this prediction in additional dis-
sociation assays and instead found that the addition of 100 nM nicotine only reduced the slow com-
ponent of dissociation by ~20% (Figure 4C). This result suggests that rebinding alone does not
adequately account for the extraordinarily slow dissociation of '®l-epibatidine from living cells
expressing 04B2Rs. Rather, two processes are key to the trapping phenomenon: (i) '2*l-epibatidine
rebinding to a4B2Rs and (ii) protonation of '®l-epibatidine in those same compartments. Higher
concentrations of nicotine (100 UM — 10 mM) added into the dissociation assay act on both compo-
nents of the trapping phenomenon; that is, increasing nicotine concentrations not only prevented
12%|_epibatidine rebinding but also reduced the pH gradient to neutralize acidic compartments, lead-
ing to deprotonation (and release) of '?°|-epibatidine. This was evident in the fact that the propor-
tion of '®|-epibatidine dissociation contributed by the slower component decreased with increasing
nicotine concentrations and saturated at a value of ~60% of the total ‘bound’ '?*|-epibatidine for
both the untreated and nicotine-treated cells (Figure 4C), which is the entirety of the slowly dissoci-
ating component. Chloroquine (150 uM), a weak base with a molecular weight and pKa similar to
that of nicotine, also reduces the pH gradient of acidic compartment at similar concentrations and
has a similar effect on '?*|-epibatidine binding (Figure 1E). Thus, the addition of nicotine during the
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Figure 4. Direct measurements of '2°|-epibatidine trapping. (A) The biphasic dissociation of '%|-epibatidine from 0482R HEK cells measured at 37°C.
Bound '®*l-epibatidine is normalized to % bound at time 0. The line through the data represents a least-squares fit of a double exponential function: %
Bound(t) = Af exp(-ket) + A, exp(-kst) where A¢38 = 6%) and A, (62 + 8%) are the % bound '?®|-epibatidine at time (t) = 0 for the fast and slow
component respectively; ki (1.5 £ 0.6x1072 sec™") and ke (6.0 + 1.4x107° sec™") are the time constants for the fast and slow component respectively

(n = 4). (B) Addition of 100 UM nicotine causes the rapid release of slowly dissociating bound '*|-epibatidine. Dissociation of '?°l-epibatidine measured
at 37°C as in A except after adding 100 uM nicotine at to start the dissociation measurement. The line through the data with the exception of the initial
data point represents a least-squares fit of a single exponential function: % Bound(t) = As exp(-kst) where k¢ was 7.0 + 1.3x107% sec™! (n = 3). (C) The
rapid dissociation of bound '?l-epibatidine measured after washing the cells with increasing concentrations of nicotine. a4B2R HEK cells were with
treated with 10 uM nicotine (dark circles) or left untreated (white squares) for 17 hr. The cells were washed. Cells were washed with PBS followed by

Figure 4 continued on next page
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Figure 4 continued

three washes with indicated concentrations of nicotine prior to performing '?°l-epibatidine binding (n = 3). For all the points in A, B, C: error bar
represents mean = s.e.m. (D) '®l-epibatidine binding to 04B82R-expressing HEK cells versus HEK cells lacking a4B2Rs. 1 mM nicotine was added during
'2|_epibatidine binding to estimate nonspecific binding (n = 3). (E) Altered model of ligand trapping with high-affinity 0482Rs in the acidic vesicles. (F)
Nicotine exposure increases trapped '?°l-epibatidine. The levels of trapped '®°l-epibatidine were determined with the addition of 100 UM nicotine to
start the dissociation. Trapped '*°l-epibatidine was released within 1 min of the nicotine addition as in Figure 4B and C for cells untreated (-Nic) or
treated with 10 uM nicotine (+Nic) for 17 hr. Plotted is the released 125I—epibatidine in pmoles normalized to untreated cells (n = 3). For (D, F): error bar
represents mean + s.e.m. **p<0.001 by Student's t-test. (A-D,F): n indicates number of independent experiments performed on separate days and
cultures.

DOI: 10.7554/eLife.25651.011

The following figure supplement is available for figure 4:

Figure supplement 1. Association rate of '?|-epibatidine.
DOI: 10.7554/elife.25651.012

dissociation assay serves two functions that together cause rapid release of all '*°|l-epibatidine. One
function is to bind to a4B2R high-affinity binding sites and block rebinding of '*°I-epibatidine, and
the other is to reduce the pH gradient across intracellular compartments in which ligand become
trapped.

The preceding experiments strongly suggest that high-affinity 0d4B82R binding sites are required
for trapping of weak base ligands. We tested this idea by assaying '?*l-epibatidine in HEK cells lack-
ing 04B2Rs. '®l-epibatidine binding to these HEK cells was ~1% of that observed with nicotine upre-
gulation and was equivalent to ‘non-specific’ binding obtained with 1 mM competing nicotine
present during '?l-epibatidine binding and washing (Figure 4D). This finding demonstrates that no
selective trapping of '?*|-epibatidine occurs without 04B2R expression. Without high-affinity binding
04B2Rs, '?°|-epibatidine concentrates within acidic vesicles but it rapidly exits the vesicles when its
extracellular concentration falls. High-affinity a482Rs in intracellular compartments trap '*°l-epibati-
dine even when its extracellular concentration falls, whereas nicotine rapidly exits the acidic compart-
ments. In this way, the targeting of 0432Rs to acidic vesicles selectively traps certain weak bases like
epibatidine.

Altogether, our data are consistent with the model shown in Figure 4E, which depicts how
epibatidine is selectively trapped within an intracellular acidic compartment. This model differs from
that in Figure 1C by the addition of high-affinity 0482Rs in acidic vesicles. In Figure 4E, 0432Rs in
the vesicles are depicted in two states, either a4B82Rs with high-affinity binding sites that would con-
tribute to trapping or a4B2Rs without high-affinity binding sites. The two states are consistent with
the findings of Vallejo et al. (Vallejo et al., 2005) for a4B2Rs at the plasma membrane. When '#I-
epibatidine enters the vesicle lumen, it is protonated and in this state binds to high-affinity sites on
a432Rs. The high-affinity binding sites appear to play a significant role in selective trapping of '2°I-
epibatidine within the vesicle lumen for long periods of time. One pool of radioligand, ~40% of the
125I—epibatidine, is bound to the surface and intracellular 04B2Rs and dissociates with the character-
istic unbinding rate analogous to that measured in membrane preparations. The other pool of
epibatidine, ~60%, is not bound to 04B2Rs, but instead is trapped and exits from the cells at a rate
much slower than the unbinding rate. As depicted in the model, '®l-epibatidine exits from acidic
vesicles at the slow dissociation rate (b) measured in the experiments shown in Figure 4A. As dis-
cussed above, the rate that '2°|-epibatidine crosses cellular membranes (a), which is close to diffu-
sion-limited (Figure 4—figure supplement 1), is orders of magnitude faster than the dissociation
rate (b).

How do the two different pools measured in '*l-epibatidine dissociation assays change with
long-term nicotine exposure? Surprisingly, nicotine upregulation did not change the relative contri-
bution of either the fast or slow component of radioligand dissociation. The fraction of '?*|-epibati-
dine specifically bound to a4B2Rs remained at ~40% and the fraction of trapped in intracellular
compartments and slowly released remained at ~60%. As displayed in Figure 4F, nicotine caused
the fraction of trapped '?l-epibatidine to increase by 4-5-fold, the same fold increase observed for
total (bound and trapped) '?*l-epibatidine retained in the cells with nicotine exposure (Figure 4D).
The fraction of '%°|-epibatidine specifically bound to the a4B2Rs also increased 4-5-fold with nico-
tine exposure (data not shown). This finding is consistent with the results in Figure 4D that 0432Rs
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must be present for selective '?|-epibatidine trapping to occur and further supports the idea that
the 04B2Rs are located within intracellular acidic compartments.

Nicotine exposure redistributes ad4p2Rs to acidic vesicles

To address why the trapped '?*l-epibatidine fraction increased by 4-5-fold with nicotine exposure
(Figure 4F) and to confirm that a4B2Rs are located within intracellular acidic compartments, we
made use of a version of an o4 subunit with the pH-sensitive fluorescent tag, super ecliptic pHIluorin
(SEP) fused to its C-terminus (a4°E"; [Richards et al., 2011; Fox et al., 2015]). SEP is a pH-sensitive
variant of GFP that fluoresces at neutral pH but is quenched at pH values lower than 6. When
expressed in o4B2R-expressing HEK cells and in cortical neurons, florescent 04" was found
throughout the ER, as indicated by co-localization with the ER marker, DsRed-ER (Figure 5—figure
supplement 1A,B,C), and on the cell surface (Figure 5—figure supplement 1B,D) as previously
observed (Richards et al., 2011). To specifically test whether 0:4°%" subunits were found in intracellu-
lar acidic compartments, cells and neurons expressing 04°" were treated with 20 mM NH,CI (5 min)
to neutralize the pH. The distribution of 04%%" subunit fluorescence was compared before and after
NH,Cl treatment.

As displayed in Figure 5A for the HEK cells and Figure 5B for the cortical neurons, NH,4Cl treat-
ment revealed an additional pool of the 04°EF subunits in what appeared to be small vesicles. It is
likely that the 0:4°E" subunits in the acidic vesicles are mature, fully assembled a482Rs because
receptor assembly occurs in the ER (Sallette et al., 2005) and entry into any acidic compartment
occurs after exit from the ER. The number of a4B2R-containing acidic vesicles in the HEK cells and
cortical neurons was greatly increased by the 17 hr nicotine exposure (Figure 5A,B,C) and paralleled
the effect of nicotine on the number of high-affinity binding sites and the amount of '**I-epibatidine
trapping (Figure 4F). In the neurons, 0d4B2R-containing acidic vesicles were found in the processes,
in what appeared to be both dendrites and axons, as well as in the somata (Figure 5B). These results
demonstrate that nicotine upregulation occurs in part through an augmentation of the number of
receptor-containing acidic vesicles.

Discussion

In this study, we find that the smoking cessation agent varenicline (Chantix) has significant effects on
04B2Rs independent of its pharmacological action as a partial agonist. Varenicline exposure reduced
nicotine upregulation of a4B2Rs, which in vivo causes long-lasting changes in a4B2Rs linked to dif-
ferent components of nicotine addiction (Govind et al., 2009; Vezina et al., 2007; Lewis and Pic-
ciotto, 2013). The effects of varenicline on upregulation required intact intracellular acidic vesicles
containing 04B2Rs and were not observed if HEK cell or neuronal membranes were compromised.
The integrity of acidic compartments was lost in earlier studies that assayed binding using mem-
brane fragments of brain tissue or autoradiography (Marks et al., 1983; Schwartz and Kellar,
1983; Marks et al., 2015) accounting for the different actions of varenicline we observed in living
cells. Based on our findings, it is evident that varenicline is selectively trapped as a weak base within
intracellular acidic vesicles, and once trapped, it is slowly released from the vesicles and cells. The
trapped varenicline competes with '?°|-epibatidine binding to a482Rs within the acidic vesicles while
the slow release competes with '#|-epibatidine binding elsewhere in the cells and desensitizes cell-
surface 04B2Rs. These effects cause the apparent suppression of binding site and functional upregu-
lation (Figures 1 and 2).

We observed effects of varenicline on nicotine upregulation at concentrations as low as 100 nM
(Figure 1G), a concentration that is estimated to occur in human brain with prescribed varencline
doses (Rollema et al., 2010). Based on our experimental evidence at higher varencline concentra-
tions, we would expect that the effects of varenicline at 100 nM are caused by the trapping of vare-
nicline in acidic vesicles at this lower concentration. It should also be noted that in order to estimate
human brain varenicline concentrations, Rollema et al. (Rollema et al., 2010) used rat brain lysates
to measure the high-affinity binding. As is evident from our study, this approach will not include var-
enicline trapping in acidic vesicles, which should serve as an additional high-capacity reservoir for
varenicline in brain neurons, and is lost in the brain lysate preparation. Therefore, this study likely
significantly underestimated the levels of varenicline in brain and the effects of trapping in acidic
vesicles should be considered in future such estimates.
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Figure 5. Nicotine exposure increased the number of 04B2R-containing acidic vesicles. (A) Imaging 0482R-containing acidic vesicles and the effect of
nicotine exposure. 04> was transfected into the 04B2R-expressing HEK cells. Image (100 x) of 3 merged slices near the cell surface from untreated
(top) and nicotine-treated (bottom) cells. Cell was imaged without NH4Cl (left panel) and after adding NH,4Cl (5 min; middle panel). In the right panel
(difference) the total fluorescent intensity in -NH4Cl image was subtracted from +NH,Cl image. Scale bar is 10 um. (B) Imaging 04B82R-containing acidic
vesicles in cultured neurons and the effect of nicotine exposure. 04> and B2 subunits was transfected into cortical neurons (DIV 9). Image as in A of
untreated (top) and nicotine-treated (bottom) neurons. Both soma and dendrites from the same cells are shown. Right panel and inset shows the
difference obtained by subtracting -NH4Cl image from +NH,Cl image. (Scale bar:10 um). (C) Quantification of the numbers of acidic vesicles from the
difference images. The fluorescent vesicles were counted and plotted for HEK cells (22 cells, for both untreated and nic treated, n = 4) and cortical
neurons (10 cells for untreated and 8 cells for nic treated, n = 3). Error bar represents mean + s.e.m. **p<0.001 by student t test. n indicates number of
independent experiments performed on separate days and cultures. (D) Model illustrating how trapping in acidic vesicles of weak base ligands like
varenicline, lobeline and epibatidine is selective and regulated by nicotine. Ligand trapping is a function of weak base pKa and its affinity of the ligands
for a4B2Rs in the case of 04B2R weak base ligands. As illustrated in the figure weak base ligands (Lig) for other receptors or transporters could also be
trapped selectively.

Figure 5 continued on next page
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The following figure supplement is available for figure 5:

Figure supplement 1. Subcellular distribution of pHluorin tagged a4 subunit (04°E7) in 04B2R-expressing HEK cells and cortical neurons.

DOI: 10.7554/eLife.25651.014

Lobeline and epibatidine also appeared to be trapped in intracellular compartments and showed
effects similar to that of varenicline (Figure 1—figure supplement 1C,D and Figure 3—figure sup-
plement 1), whereas nicotine and other weak base ligands with lower pK,s were not significantly
trapped and were rapidly washed from cells and cultured neurons. The dose-dependence of all three
weak base ligands that were trapped within intracellular acidic vesicles had an inverted U-shape
where the peak of the curve occurs at ~1 UM concentration. The decline in the dose-dependence
curve at concentrations greater than 1 UM is consistent with the weak base effect of the ligands at
these concentrations increasing the pH within the vesicle lumen and thereby increasing the rate of
release of the trapped ligand.

Our observation that varenicline, but not nicotine, is trapped in 04B2R-containing acidic vesicles
can potentially explain differences in the human pharmacokinetic profiles of these drugs. The decay
time (tq,2) for the varenicline plasma concentration is 1 day and the time to reach steady-state levels
with repeated dosing is 4 days (Faessel et al., 2010). In contrast, the decay time for the nicotine
plasma concentration to decay is 2 hr and the time to reach steady-state levels with repeated dosing
is 2-3 hr (Benowitz et al., 2009). These differences are consistent with the slow exit rate we mea-
sured for varenicline from acidic vesicles and the rapid exit of nicotine. The residence of a large
amount of varenicline in 04B2R-containing acidic vesicles in neurons is likely also to contribute to the
differences in the rate at which varenicline and nicotine are metabolized; nicotine is metabolized
with the decay time of 2 hr, whereas less than 10% of varenicline is metabolized over this time. The
volume of distribution of varenicline and nicotine differs as well. For varenicline, the volume of distri-
bution (5.9 L/Kg; [Faessel et al., 2010])) is more than twice that for nicotine (2.6 L/Kg;
[Benowitz et al., 2009]). This difference again is consistent with and perhaps caused by trapping of
varenicline within acidic compartments in cells and neurons and the absence of trapping for nicotine.
How varenicline trapping in intracellular acidic vesicles could be altering its clinical efficacy is shown
in our working model of this process (Figures 4E and 5D). Based on our findings, the presence of
high-affinity 042Rs in the vesicles and the weak base nature of varenicline will influence its partition-
ing between extracellular, cytoplasmic, and vesicular pools. Varenicline trapping in acidic vesicles
would create a high-capacity reservoir in neurons that express 0432Rs. We predict that this phenom-
enon maintains relatively high and constant concentrations of varenicline, especially in contrast to
nicotine levels that rise during the day and decline rapidly at night. Clinical efficacy could therefore
result from sustained varenicline levels within neurons that leak out and desensitize 0482Rs, and per-
haps other nAChRs, and that activity counteracts the functional upregulation of nicotine exposure.

As modeled in Figures 4E and 5D, the presence of a4B2R is what provides the selectivity for
long-lasting trapping of certain nicotinic weak base ligands in acidic vesicles. Selective trapping also
requires a low enough pH in the vesicles, to protonate weak base ligands and slows its exit. Trap-
ping only occurs when there are 0432Rs in the vesicles and ligand pKa and affinity for 0482Rs are
sufficiently high. Nicotine and DHBE fail to show the trapping phenomenon for two reasons: nicotine
and DHBE are not sufficiently protonated at low pH and DHBE also does not bind with high enough
affinity to a4B2R. Epibatidine, on the other hand, has a high pK, and affinity, and therefore accumu-
lates and leaks back out over the course of days, as was observed in our dissociation experiments
(Figure 4A).

As measured by "®l-epibatidine (Figure 4F), ligand trapping was increased by nicotine exposure
to the same degree as the binding to the receptors (Figure 4D). Higher trapping levels were caused
by a rise in the numbers of vesicles containing a4B2Rs as imaged using pH-sensitive, pHluorin-
tagged o4 subunits in the 04B2R-expressing HEK cells and cultured neurons (Figure 5). As modeled
in Figure 5D, the higher numbers of acidic vesicles and the resulting rise in trapping capacity acts as
a mechanism to regulate selective trapping of varenicline and other weak base 0482R ligands. How-
ever, it is not clear if the increases are caused by the formation of new vesicles or redistribution of
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04B2Rs to preexisting vesicles. Intracellular acidic vesicles exist during the late stages of Golgi traf-
ficking and different pools of endosomal membranes, recycling or late endosomes, or lysosomes
(Paroutis et al., 2004). In this study, we did not distinguish among these possibilities, but our previ-
ous findings and those of others (Vallejo et al., 2005; Darsow et al., 2005) indicate that surface
04B2R degradation through late endosomes and lysosomes is not increased by nicotine upregula-
tion; therefore, the acidic vesicles are unlikely to be either of these organelles. Still to be determined
are which intracellular compartment the vesicles originate from and the role of the vesicles in nico-
tine upregulation of 04B2Rs.

If the smoking cessation activity of varenicline is indeed caused by its trapping in intracellular
acidic vesicles, then our findings should help guide the design of more effective smoking cessation
drugs. While we have established that both the pKa of a ligand and its 0432R affinity are important
for trapping, further experiments are needed to assay what specific pKa and a4B2R affinity of a
weak base ligand is most effective for smoking cessation. The selective and regulated trapping we
observe for varenicline also may occur for weak base ligands that bind with high-affinity to other
types of receptors, ion channels or transporters. Most drugs of abuse are weak base ligands that
bind with varying affinities to a variety of different membrane proteins (Sulzer, 2011). In particular,
amphetamines are weak bases with pKa values in the range of 8 to 10 that can concentrate in acidic
vesicles and affect the catecholamine quantum size in synaptic vesicles and chromaffin granules
(Sulzer et al., 2005). Certain antipsychotic drugs are weak bases that accumulate in and are released
from synaptic vesicles (Tischbirek et al., 2012). As shown schematically in Figure 5D, the targeting
of other membrane protein high-affinity binding sites to acidic vesicles would allow different classes
of weak base ligands to be selectively trapped in those vesicles (Lig in Figure 5D). Weak bases that
bind with high-affinity to the binding sites where other drugs of abuse bind could serve as cessation
agents similar to varenicline.

Materials and methods

cDNA constructs: cell culture and transfection

Previously characterized mouse nAChR 04°%" with a super ecliptic pHluorin incorporated on the
C-terminus of a4 was a gift from Dr. Christopher |. Richards (University of Kentucky, Lexington, Ken-
tucky) (Richards et al., 2011). pDsRed-ER was from Clontech Laboratories. Human o4 and 82 cDNA
were gifts from Prof. Steven M. Sine (Mayo Clinic, Rochester, Minnessota). Rat o4 and 82 used for
generating the stable cell line were provided by Dr. Jim Boulter, University of California, Los
Angeles, CA. The HA epitope, YPYDVPDYA, and a stop codon were inserted after the last codon of
the 3'-translated region of the subunit DNA of the B2 using the extension overlap method as
described in Vallejo et al (Vallejo et al., 2005).

Cell culture and transfection

The human embryonic kidney (HEK 293T) cell line stably expressing the large T antigen (tSA201 cells)
was from Dr. J. Kyle (University of Chicago, Chicago, IL). This cell line is not in the list of Database of
Cross-Contaminated or Misidentified Cell Lines. Using this parent HEK 293 T cells, a stable cell line
expressing rat a4B2 nAChRs were generated in our lab and it expresses an untagged 04 and a
C-terminal HA epitope tagged B2 subunits (Vallejo et al., 2005). Both parent HEK cell line and sta-
ble a4B82 HEK cell line were maintained in DMEM (Gibco, Life technologies) with 10% calf serum
(Hyclone, GE Healthcare Life Sciences, UT) at 37°C in the presence of 5% CO2. DMEM was supple-
mented with Hygromycin (Calbiochem, EMD Millipore, MA) at 0.4 mg/ml for maintaining selection
of 0482 HEK cells. Transfection of human a4 and B2 subunits into HEK parent cell line or 04% into
042 HEK cell line were performed using calcium phosphate method (Eertmoed et al., 1998). Sta-
ble cells were maintained in hygromycin free DMEM prior to transfection. Hoechst staining and
immunofluorescent detection were performed periodically to test for mycoplasma contamination.
Fresh batch of cells were thawed and were maintained only upto two months.

Primary cultures of rat cortical neurons were prepared as described earlier (Govind et al., 2012).
Dissociated cortical cells from E18 Sprague Dawley rat pups were plated on plates that were coated
with poly-D-lysine (Sigma, MO). For live imaging, neurons were plated in glass bottom dishes (Mat-
Tek, MA). DIV eight neurons were transfected with 04°%", B2, and DsRed ER cDNAs using
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lipofectamine 2000 (Invitrogen, Thermofisher scientific, MA) reagent. 2-3 days after transfection,
neurons were treated with 1 UM nicotine for 17 hr and were live imaged in low fluorescence Hiber-
nate E buffer (Brain bits, IL).

Drugs and reagents

Poly-D-Lysine (P7886), Nicotine (N3876), Varenicline (PZ0004), Lobeline (141879), Epibatidine
(E1145), Mecamylamine (M2020), Ammonium Chloride (A0171), Chloroquine (C6628) and Bafilomy-
cin A1 (B1793) were purchased from Sigma, MO. Dihydro beta-erythroidine (DHBE) (2349) was pur-
chased from Tocris, MN. Neurobasal medium, B27, HBSS and DMEM were purchased from Life
technologies (Thermofisher scientific, MA).

123] Epibatidine binding

04B2 stable cell line was treated with indicated concentrations of nAChR ligands for 17 hr in the
presence or absence of 10 UM nicotine. For intact counts, cells were washed four times with PBS,
scraped off the plates, pelleted at 2800 rpm for 3 min, resuspended in 1 ml PBS and aliquots were
incubated with 2.5 nM 125I-epibatidine (25 Epb) (2200 Ci/mmol; Perkin Elmer) for 20 min at room
temperature. At the end of incubation cells are harvested on Whatman GF/B filters presoaked in
0.5% polyethyleneimine and washed four times with PBS using 24-channel cell harvester (Brandel,
MD). Non-specific binding was estimated by incubating parallel samples in 1 mM nicotine prior to
and during incubation with '2° Epb. Radioactivity of bound '?°| Epb was determined using gamma
counter (Wallac, Perkin Elmer, MA). pmole 125 Epb bound to cells are normalized to nicotine upre-
gulated cells and plotted as % of nicotine treated cells.

Primary cultures of cortical neurons were treated with indicated concentrations of varenicline or
lobeline with or without 1 UM nicotine. Intact neurons were washed three times with PBS, gently
scraped off the plates in PBS, pelleted down at 2800 rpm for 3 min and resuspended in PBS prior to
binding with 1 nM "] Epb. After 20 min of incubation with radioactivity at room temperature, cells
are transferred to filters using Brandel cell harvester, filters were washed four times with PBS and
radio activity associated with the filters measured as described above. Non-specific binding was cal-
culated from cells incubated with 1 mM nicotine during '?°| Epb binding.

Disruption of intracellular pH gradient

Intact cells were treated with nAChR ligands for 17 hr and washed twice with PBS. Cells were
exposed to two 5 min incubations with PBS containing 20 mM ammonium chloride, 150 uM chloro-
quine or 50 nM bafilomycin A followed by two PBS washes. Cells were gently scraped off the plates,
re-suspended in PBS and subjected to '®l-epibatidine binding as described above. Depending on
the number of samples per experiment, the time elapsed between when the drug-containing
medium was removed from the cells and the epibatidine-binding initiated ranged from 25 to 45 min.

Membrane preparation

042 HEK cells were treated with indicated concentrations of the drugs with or without 10 UM nico-
tine for 17 hr. Cells were suspended in hypotonic buffer (10 mM Hepes, pH 7.9, 1 mM MgCl,, 1 mM
EDTA) plus protease inhibitors and incubated in ice for 10 min. Cells were homogenized using a
dounce homogenizer (10 times). Nuclei were removed by centrifugation at 1000 x g for 10 min. The
supernatant was subjected to ultra centrifugation at 100,000 x g for 1 hr at 4°C using Beckman TLA
100.3 rotor. Supernatant was removed and the membrane pellet was resuspended in PBS via sonica-
tion. Aliquots of resuspended membrane were bound with 2.5 nM '®| Epb for 20 min at room tem-
perature and transferred to filter paper and washed using brandel cell harvester.

Immunofluorescence staining

042 HEK cells and cortical neurons were plated in glass bottom live imaging plates (MatTek, MA)
coated with poly-D-lysine one day before plating. 0482 stable cells were transfected with 4% with
or without pDsRed-ER using calcium phosphate method. After 24 hr of transfection cells were
treated 10 uM nicotine for 17 hr. For imaging, cells were incubated with anti-HA (Mouse monoclonal
HA.11, Biolegend, CA) antibody for 40 min in DMEM. Cells were washed three times with DMEM
and labeled with Alexa Fluor anti-mouse 647 (Molecular Probes, Thermo scientific, MA) secondary
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antibody for 30 min. Cells were washed three times with Low Fluorescence Hibernate E and imaged
in the same buffer.

Cortical neurons (DIV 8) were transfected with 045, B2ua and DsRed-ER using lipofectamine
2000 (Invitrogen, Thermo scientific, MA) as per manufacturers protocol. Neurons were treated with 1
UM nicotine either 2-3 days after transfection and imaged after 17 hr of nicotine exposure. Neurons
were live labeled with anti HA antibody for 40 min, washed three times followed by secondary anti-
body Alexa Fluor anti-mouse 647 incubation for 30 min. Antibody incubations and washes were
done in conditioned neurobasal medium. Neurons were subsequently washed three times with
Hibernate E buffer and imaged in the same buffer.

Measuring 04°® in acidic vesicles

SEP is pH sensitive and does not fluoresce at pH below 6. Under physiological pH, the fluorescence
emitted from 04> is mainly from surface receptors (extracellular SEP) and from receptors in the ER
(luminal SEP). The fluorescence of SEP is quenched in intracellular vesicles as their pH is below 6. In
order to visualize 04°5 in acidic vesicles, intracellular pH was increased using ammonium chloride
(NH4CI). Cells were initially imaged in Hibernate E buffer (pH 7.4). NH,Cl was added drop wise to a
final concentration of 20 mM with minimum disturbance to the cells. 5-10 min after addition of
NH,Cl, confocal images were collected from the same cells again. Three to four consecutive slices of
the cells were combined for HEK cells and 7-8 consecutive slices were combined for cortical neurons
both for pre and post NH,Cl images. The integrated density of pre-NH,Cl image of the cell was sub-
tracted from that of the post-NH,4Cl image. The resultant signal was thresholded so that only puncta
that were several folds higher than background were selected. Punctas were evaluated using the
Analyze Particles function in ImageJ.

Electrophysiology

HEK cells stably expressing 0432 receptors maintained as described above were plated at low den-
sity on glass coverslips before treating for 15-18 hr with media containing nicotine or other drugs as
per the protocol for binding experiments. Following the incubation, cells were live-labeled with a
1:200 dilution of mouse anti-HA antibody (EMD Millipore #05-904) for 1 hr at 37°C in media contain-
ing the same nicotinic agents. Cells were washed three times with media lacking primary antibody
before addition of a 1:500 dilution of the secondary antibody (Thermo-Fisher goat anti-mouse Alexa
Fluor 488, catalog # A11029) for 1 hr at room temperature in media containing the same nicotinic
agents. Cells were washed three times with media before use in physiology experiments. For NH,Cl
treatment experiments, following the HA labeling the cells were washed twice with PBS and
exposed to two 10 min incubations with 20 mM NH4Cl and several final washes with PBS before use
in recordings. Cells were only used for recording a maximum of one hour after completion of the HA
labeling or NH,4ClI treatment.

Cells were voltage clamped in whole-cell configuration at a holding potential of =70 mV using an
Axopatch 200B amplifier running pClamp 10 (Molecular Devices; Sunnyvale, CA). Currents were eli-
cited from cells lifted from the coverslip by the fast application of 1 mM ACh using a piezo-ceramic
bimorph system with a solution exchange time of ~1 ms. External solution consisted of (in mM): 150
NaCl, 2.8 KClI, 1.8 CaCl,, 1.0 MgCl,, 10 glucose, and 10 HEPES, adjusted to pH 7.3. Internal pipette
solution was (in mM): 110 CsF, 30 CsCl, 4 NaCl, 0.5 CaCl,, 10 Hepes, and 5 EGTA, adjusted to pH
7.3. Peak amplitudes and time courses of desensitization were determined by post-hoc analysis
using Clampfit 10. Statistical differences were tested for using one-way ANOVAs with Tukey's Multi-
ple Comparison Test in GraphPad (La Jolla, CA).

Statistical analyses
All statistical analyses were performed using StatPlus software (AnalystSoft Inc, Walnut, CA), unless
otherwise noted. Statistical tests used are indicated in each figure legend.

Acknowledgements

This work was supported by RO1 DA035430 and a Pilot Project from the University of Chicago Can-
cer Center. The authors would like to thank Drs. Okunola Jeyifous and Jary Delgado for assistance
with rat brain dissections for cortical neuronal preparations, Drs. Steve Sine (human a4 and $2) and

Govind et al. eLife 2017;6:e25651. DOI: 10.7554/eLife.25651 19 of 23


http://dx.doi.org/10.7554/eLife.25651

LI FE Research article Human Biology and Medicine | Neuroscience

Chris Richards (a4 °%7) for their gifts of NAChR constructs. The authors declare that they have no
competing interests.

Additional information

Funding

Funder Grant reference number  Author

National Institutes of Health RO1DA 035430 Anitha P Govind
Yolanda F Vallejo
Jacob R Stolz
Jing-Zhi Yan
Geoffrey T Swanson
William N Green

University of Chicago Cance center-Pilot grant Anitha P Govind

William N Green

The funders had no role in study design, data collection and interpretation, or the decision to
submit the work for publication.

Author contributions

APG, Conceptualization, Data curation, Formal analysis, Validation, Investigation, Visualization,
Methodology, Writing—original draft, Writing—review and editing; YFV, Data curation, Formal anal-
ysis, Validation, Investigation; JRS, J-ZY, Data curation, Formal analysis, Validation; GTS, Conceptual-
ization, Resources, Data curation, Software, Formal analysis, Supervision, Funding acquisition,
Validation, Investigation, Visualization, Methodology, Writing—original draft, Writing—review and
editing; WNG, Conceptualization, Resources, Data curation, Software, Formal analysis, Supervision,
Funding acquisition, Validation, Investigation, Visualization, Methodology, Writing—original draft,
Project administration, Writing—review and editing

Author ORCIDs
Anitha P Govind, ([ http://orcid.org/0000-0002-5890-2395
William N Green, () http://orcid.org/0000-0003-2167-1391

References

Agboola SA, Coleman T, McNeill A, Leonardi-Bee J. 2015. Abstinence and relapse among smokers who use
varenicline in a quit attempt-a pooled analysis of randomized controlled trials. Addiction 110:1182-1193.
doi: 10.1111/add.12941, PMID: 25846123

Albuquerque EX, Pereira EF, Alkondon M, Rogers SW. 2009. Mammalian nicotinic acetylcholine receptors: from
structure to function. Physiological Reviews 89:73-120. doi: 10.1152/physrev.00015.2008, PMID: 19126755

Badio B, Daly JW, Epibatidine DJW. 1994. Epibatidine, a potent analgetic and nicotinic agonist. Molecular
Pharmacology 45:563-569. PMID: 8183234

Barlow RB, Hamilton JT. 1962. Effects of ph on the activity of nicotine and nicotine monomethiodide on the rat
diaphragm preparation. British Journal of Pharmacology and Chemotherapy 18:543-549. doi: 10.1111/j.1476-
5381.1962.tb01173.x, PMID: 19108161

Benowitz NL, Hukkanen J, Jacob P. 2009. Nicotine chemistry, metabolism, kinetics and biomarkers. Handbook
of Experimental Pharmacology 192:29-60. doi: 10.1007/978-3-540-69248-5_2, PMID: 19184645

Benwell ME, Balfour DJ, Anderson JM. 1988. Evidence that tobacco smoking increases the density of (-)-[3H]
nicotine binding sites in human brain. Journal of Neurochemistry 50:1243-1247. doi: 10.1111/].1471-4159.
1988.tb10600.x, PMID: 3346676

Bhagat B. 1970. Influence of various drugs on accumulation of 3H-nicotine in isolated rat atria. European Journal
of Pharmacology 10:11-18. doi: 10.1016/0014-2999(70)90151-2, PMID: 4394139

Breese CR, Adams C, Logel J, Drebing C, Rollins Y, Barnhart M, Sullivan B, Demasters BK, Freedman R, Leonard
S. 1997. Comparison of the regional expression of nicotinic acetylcholine receptor alpha7 mRNA and [125I]-
alpha-bungarotoxin binding in human postmortem brain. The Journal of Comparative Neurology 387:385-398.
doi: 10.1002/(SICI)1096-9861(19971027)387:3<385::AID-CNE5>3.0.CO;2-X, PMID: 9335422

Brody AL, Mukhin AG, La Charite J, Ta K, Farahi J, Sugar CA, Mamoun MS, Vellios E, Archie M, Kozman M,
Phuong J, Arlorio F, Mandelkern MA. 2013. Up-regulation of nicotinic acetylcholine receptors in menthol
cigarette smokers. The International Journal of Neuropsychopharmacology 16:957-966. doi: 10.1017/
S1461145712001022, PMID: 23171716

Govind et al. eLife 2017;6:€25651. DOI: 10.7554/¢eLife.25651 20 of 23


http://orcid.org/0000-0002-5890-2395
http://orcid.org/0000-0003-2167-1391
http://dx.doi.org/10.1111/add.12941
http://www.ncbi.nlm.nih.gov/pubmed/25846123
http://dx.doi.org/10.1152/physrev.00015.2008
http://www.ncbi.nlm.nih.gov/pubmed/19126755
http://www.ncbi.nlm.nih.gov/pubmed/8183234
http://dx.doi.org/10.1111/j.1476-5381.1962.tb01173.x
http://dx.doi.org/10.1111/j.1476-5381.1962.tb01173.x
http://www.ncbi.nlm.nih.gov/pubmed/19108161
http://dx.doi.org/10.1007/978-3-540-69248-5_2
http://www.ncbi.nlm.nih.gov/pubmed/19184645
http://dx.doi.org/10.1111/j.1471-4159.1988.tb10600.x
http://dx.doi.org/10.1111/j.1471-4159.1988.tb10600.x
http://www.ncbi.nlm.nih.gov/pubmed/3346676
http://dx.doi.org/10.1016/0014-2999(70)90151-2
http://www.ncbi.nlm.nih.gov/pubmed/4394139
http://dx.doi.org/10.1002/(SICI)1096-9861(19971027)387:3%3C385::AID-CNE5%3E3.0.CO;2-X
http://www.ncbi.nlm.nih.gov/pubmed/9335422
http://dx.doi.org/10.1017/S1461145712001022
http://dx.doi.org/10.1017/S1461145712001022
http://www.ncbi.nlm.nih.gov/pubmed/23171716
http://dx.doi.org/10.7554/eLife.25651

e LI FE Research article

Human Biology and Medicine | Neuroscience

Brown DA, Garthwaite J. 1979. Intracellular pH and the distribution of weak acids and bases in isolated rat
superior cervical ganglia. The Journal of Physiology 297:597-620. doi: 10.1113/jphysiol.1979.sp013059,
PMID: 43889

ChEMBL. 2017. Compound Report Card. https://www.ebi.ac.uk/chembldb/index.php/compound/inspect/
CHEMBL298517 [Accessed January 13, 2017].

ChEMBL. 2017. Compound Report Card. https://www.ebi.ac.uk/chembldb/index.php/compound/inspect/
CHEMBL1319741 [Accessed January 13, 2017].

Cosgrove KP, Batis J, Bois F, Maciejewski PK, Esterlis |, Kloczynski T, Stiklus S, Krishnan-Sarin S, O'Malley S,
Perry E, Tamagnan G, Seibyl JP, Staley JK. 2009. beta2-Nicotinic acetylcholine receptor availability during
acute and prolonged abstinence from tobacco smoking. Archives of General Psychiatry 66:666-676. doi: 10.
1001/archgenpsychiatry.2009.41, PMID: 19487632

Damaj Ml, Patrick GS, Creasy KR, Martin BR. 1997. Pharmacology of lobeline, a nicotinic receptor ligand. The
Journal of Pharmacology and Experimental Therapeutics 282:410-419. PMID: 9223582

Darsow T, Booker TK, Pifia-Crespo JC, Heinemann SF. 2005. Exocytic trafficking is required for nicotine-induced
up-regulation of alpha 4 beta 2 nicotinic acetylcholine receptors. Journal of Biological Chemistry 280:18311-
18320. doi: 10.1074/jbc.M501157200, PMID: 15741168

De Biasi M, Dani JA, Reward DJA. 2011. Reward, addiction, withdrawal to nicotine. Annual Review of
Neuroscience 34:105-130. doi: 10.1146/annurev-neuro-061010-113734, PMID: 21438686

Drugbank. 2016. Lobeline. http://www.drugbank.ca/drugs/DB05137 [Accessed August 8, 2016].

Eertmoed AL, Vallejo YF, Green WN. 1998. Transient expression of heteromeric ion channels. Methods in
Enzymology 293:564-585. doi: 10.1016/S0076-6879(98)93034-8, PMID: 9711629

Faessel HM, Obach RS, Rollema H, Ravva P, Williams KE, Burstein AH. 2010. A review of the clinical
pharmacokinetics and pharmacodynamics of varenicline for smoking cessation. Clinical Pharmacokinetics 49:
799-816. doi: 10.2165/11537850-000000000-00000, PMID: 21053991

Fox AM, Moonschi FH, Richards Cl. 2015. The nicotine metabolite, cotinine, alters the assembly and trafficking
of a subset of nicotinic acetylcholine receptors. Journal of Biological Chemistry 290:24403-24412. doi: 10.
1074/jbc.M115.661827, PMID: 26269589

Gnadisch D, London ED, Terry P, Hill GR, Mukhin AG. 1999. High affinity binding of [3H]epibatidine to rat brain
membranes. NeuroReport 10:1631-1636. doi: 10.1097/00001756-199906030-00002, PMID: 10501548

Govind AP, Vezina P, Green WN. 2009. Nicotine-induced upregulation of nicotinic receptors: underlying
mechanisms and relevance to nicotine addiction. Biochemical Pharmacology 78:756-765. doi: 10.1016/].bcp.
2009.06.011, PMID: 19540212

Govind AP, Walsh H, Green WN. 2012. Nicotine-induced upregulation of native neuronal nicotinic receptors is
caused by multiple mechanisms. Journal of Neuroscience 32:2227-2238. doi: 10.1523/JNEUROSCI.5438-11.
2012, PMID: 22323734

Hussmann GP, Turner JR, Lomazzo E, Venkatesh R, Cousins V, Xiao Y, Yasuda RP, Wolfe BB, Perry DC, Rezvani
AH, Levin ED, Blendy JA, Kellar KJ. 2012. Chronic sazetidine-A at behaviorally active doses does not increase
nicotinic cholinergic receptors in rodent brain. Journal of Pharmacology and Experimental Therapeutics 343:
441-450. doi: 10.1124/jpet.112.198085, PMID: 22899752

Jia L, Flotildes K, Li M, Cohen BN. 2003. Nicotine trapping causes the persistent desensitization of alphadbeta2
nicotinic receptors expressed in oocytes. Journal of Neurochemistry 84:753-766. doi: 10.1046/j.1471-4159.
2003.01578.x, PMID: 12562520

Karlin A. 2002. Emerging structure of the nicotinic acetylcholine receptors. Nature Reviews. Neuroscience 3:102-
114. doi: 10.1038/nrn731, PMID: 11836518

Lewis AS, Picciotto MR. 2013. High-affinity nicotinic acetylcholine receptor expression and trafficking
abnormalities in psychiatric illness. Psychopharmacology 229:477-485. doi: 10.1007/s00213-013-3126-5,
PMID: 23624811

Lindstrom J. 1996. Neuronal nicotinic acetylcholine receptors. lon Channels 4:377-450. doi: 10.1007/978-1-4899-
1775-1_10, PMID: 8744214

Marks MJ, Burch JB, Collins AC. 1983. Effects of chronic nicotine infusion on tolerance development and
nicotinic receptors. The Journal of Pharmacology and Experimental Therapeutics 226:817-825. PMID: 6887012

Marks MJ, O'Neill HC, Wynalda-Camozzi KM, Ortiz NC, Simmons EE, Short CA, Butt CM, Mclntosh JM, Grady
SR, H. C. O'Neill, K. M, Ortiz EE, Simmons CA, Butt JMM. 2015. Chronic treatment with varenicline changes
expression of four nAChR binding sites in mice. Neuropharmacology 99:142-155. doi: 10.1016/j.neuropharm.
2015.07.019, PMID: 26192545

Marubio LM, Gardier AM, Durier S, David D, Klink R, Arroyo-Jimenez MM, Mclintosh JM, Rossi F, Champtiaux N,
Zoli M, Changeux JP. 2003. Effects of nicotine in the dopaminergic system of mice lacking the alpha4 subunit
of neuronal nicotinic acetylcholine receptors. European Journal of Neuroscience 17:1329-1337. doi: 10.1046/].
1460-9568.2003.02564.x, PMID: 12713636

Maskos U, Molles BE, Pons S, Besson M, Guiard BP, Guilloux JP, Evrard A, Cazala P, Cormier A, Mameli-Engvall
M, Dufour N, Cloéz-Tayarani |, Bemelmans AP, Mallet J, Gardier AM, David V, Faure P, Granon S, Changeux
JP. 2005. Nicotine reinforcement and cognition restored by targeted expression of nicotinic receptors. Nature
436:103-107. doi: 10.1038/nature03694, PMID: 16001069

McGehee DS, Role LW. 1995. Physiological diversity of nicotinic acetylcholine receptors expressed by vertebrate
neurons. Annual Review of Physiology 57:521-546. doi: 10.1146/annurev.ph.57.030195.002513, PMID: 777
8876

Govind et al. eLife 2017;6:€25651. DOI: 10.7554/¢eLife.25651 21 of 23


http://dx.doi.org/10.1113/jphysiol.1979.sp013059
http://www.ncbi.nlm.nih.gov/pubmed/43889
https://www.ebi.ac.uk/chembldb/index.php/compound/inspect/CHEMBL298517
https://www.ebi.ac.uk/chembldb/index.php/compound/inspect/CHEMBL298517
https://www.ebi.ac.uk/chembldb/index.php/compound/inspect/CHEMBL1319741
https://www.ebi.ac.uk/chembldb/index.php/compound/inspect/CHEMBL1319741
http://dx.doi.org/10.1001/archgenpsychiatry.2009.41
http://dx.doi.org/10.1001/archgenpsychiatry.2009.41
http://www.ncbi.nlm.nih.gov/pubmed/19487632
http://www.ncbi.nlm.nih.gov/pubmed/9223582
http://dx.doi.org/10.1074/jbc.M501157200
http://www.ncbi.nlm.nih.gov/pubmed/15741168
http://dx.doi.org/10.1146/annurev-neuro-061010-113734
http://www.ncbi.nlm.nih.gov/pubmed/21438686
http://www.drugbank.ca/drugs/DB05137
http://dx.doi.org/10.1016/S0076-6879(98)93034-8
http://www.ncbi.nlm.nih.gov/pubmed/9711629
http://dx.doi.org/10.2165/11537850-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/21053991
http://dx.doi.org/10.1074/jbc.M115.661827
http://dx.doi.org/10.1074/jbc.M115.661827
http://www.ncbi.nlm.nih.gov/pubmed/26269589
http://dx.doi.org/10.1097/00001756-199906030-00002
http://www.ncbi.nlm.nih.gov/pubmed/10501548
http://dx.doi.org/10.1016/j.bcp.2009.06.011
http://dx.doi.org/10.1016/j.bcp.2009.06.011
http://www.ncbi.nlm.nih.gov/pubmed/19540212
http://dx.doi.org/10.1523/JNEUROSCI.5438-11.2012
http://dx.doi.org/10.1523/JNEUROSCI.5438-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22323734
http://dx.doi.org/10.1124/jpet.112.198085
http://www.ncbi.nlm.nih.gov/pubmed/22899752
http://dx.doi.org/10.1046/j.1471-4159.2003.01578.x
http://dx.doi.org/10.1046/j.1471-4159.2003.01578.x
http://www.ncbi.nlm.nih.gov/pubmed/12562520
http://dx.doi.org/10.1038/nrn731
http://www.ncbi.nlm.nih.gov/pubmed/11836518
http://dx.doi.org/10.1007/s00213-013-3126-5
http://www.ncbi.nlm.nih.gov/pubmed/23624811
http://dx.doi.org/10.1007/978-1-4899-1775-1_10
http://dx.doi.org/10.1007/978-1-4899-1775-1_10
http://www.ncbi.nlm.nih.gov/pubmed/8744214
http://www.ncbi.nlm.nih.gov/pubmed/6887012
http://dx.doi.org/10.1016/j.neuropharm.2015.07.019
http://dx.doi.org/10.1016/j.neuropharm.2015.07.019
http://www.ncbi.nlm.nih.gov/pubmed/26192545
http://dx.doi.org/10.1046/j.1460-9568.2003.02564.x
http://dx.doi.org/10.1046/j.1460-9568.2003.02564.x
http://www.ncbi.nlm.nih.gov/pubmed/12713636
http://dx.doi.org/10.1038/nature03694
http://www.ncbi.nlm.nih.gov/pubmed/16001069
http://dx.doi.org/10.1146/annurev.ph.57.030195.002513
http://www.ncbi.nlm.nih.gov/pubmed/7778876
http://www.ncbi.nlm.nih.gov/pubmed/7778876
http://dx.doi.org/10.7554/eLife.25651

LI FE Research article Human Biology and Medicine | Neuroscience

Miller DK, Harrod SB, Green TA, Wong MY, Bardo MT, Dwoskin LP. 2003. Lobeline attenuates locomotor
stimulation induced by repeated nicotine administration in rats. Pharmacology Biochemistry and Behavior 74:
279-286. doi: 10.1016/S0091-3057(02)00996-6, PMID: 12479946

Nangia A, Andersen PH, Berner B, Maibach HI. 1996. High dissociation constants (pKa) of basic permeants are
associated with in vivo skin irritation in man. Contact Dermatitis 34:237-242. doi: 10.1111/j.1600-0536.1996.
tb02192.x, PMID: 8730159

National Center for Chronic Disease Prevention and Health Promotion (US) Office on Smoking and Health.
2014. The Health Consequences of Smoking—>50 Years of Progress: A Report of the Surgeon General. Atlanta:
Centers for Disease Control and Prevention.

Papke RL, Wecker L, Stitzel JA. 2010. Activation and inhibition of mouse muscle and neuronal nicotinic
acetylcholine receptors expressed in xenopus oocytes. Journal of Pharmacology and Experimental Therapeutics
333:501-518. doi: 10.1124/jpet.109.164566, PMID: 20100906

Paroutis P, Touret N, Grinstein S. 2004. The pH of the secretory pathway: measurement, determinants, and
regulation. Physiology 19:207-215. doi: 10.1152/physiol.00005.2004, PMID: 15304635

Perry DC, Davila-Garcia MI, Stockmeier CA, Kellar KJ. 1999. Increased nicotinic receptors in brains from smokers:
membrane binding and autoradiography studies. The Journal of Pharmacology and Experimental Therapeutics
289:1545-1552. PMID: 10336551

Picciotto MR, Zoli M, Rimondini R, Léna C, Marubio LM, Pich EM, Fuxe K, Changeux JP. 1998. Acetylcholine
receptors containing the beta2 subunit are involved in the reinforcing properties of nicotine. Nature 391:173-
177. doi: 10.1038/34413, PMID: 9428762

Putney JW, Borzelleca JF. 1971. On the mechanisms of 14C-nicotine distribution in rat submaxillary gland in
vitro. The Journal of Pharmacology and Experimental Therapeutics 178:180-191. PMID: 5087396

Remington JP, Beringer P. 2006. Remington: The Science and Practice of Pharmacy. Philadelphia: Lippincott
Williams & Wilkins.

Richards Cl, Srinivasan R, Xiao C, Mackey ED, Miwa JM, Lester HA. 2011. Trafficking of alpha4* nicotinic
receptors revealed by superecliptic phluorin: effects of a betad amyotrophic lateral sclerosis-associated
mutation and chronic exposure to nicotine. The Journal of Biological Chemistry 286:31241-31249. doi: 10.
1074/jbc.M111.256024, PMID: 21768117

Rollema H, Coe JW, Chambers LK, Hurst RS, Stahl SM, Williams KE, Rationale WKE. 2007. Rationale,
pharmacology and clinical efficacy of partial agonists of alphadbeta2 nACh receptors for smoking cessation.
Trends in Pharmacological Sciences 28:316-325. doi: 10.1016/].tips.2007.05.003, PMID: 17573127

Rollema H, Shrikhande A, Ward KM, Tingley FD, Coe JW, O'Neill BT, Tseng E, Wang EQ, Mather RJ, Hurst RS,
Williams KE, de Vries M, Cremers T, Bertrand S, Bertrand D. 2010. Pre-clinical properties of the alpha4beta2
nicotinic acetylcholine receptor partial agonists varenicline, cytisine and dianicline translate to clinical efficacy
for nicotine dependence. British Journal of Pharmacology 160:334-345. doi: 10.1111/].1476-5381.2010.00682.
x, PMID: 20331614

Sallette J, Pons S, Devillers-Thiery A, Soudant M, Prado de Carvalho L, Changeux JP, Corringer PJ. 2005.
Nicotine upregulates its own receptors through enhanced intracellular maturation. Neuron 46:595-607. doi: 10.
1016/j.neuron.2005.03.029, PMID: 15944128

Schwartz RD, Kellar KJ. 1983. Nicotinic cholinergic receptor binding sites in the brain: regulation in vivo. Science
220:214-216. doi: 10.1126/science.6828889, PMID: 6828889

Shafaee N, Houng M, Truong A, Viseshakul N, Figl A, Sandhu S, Forsayeth JR, Dwoskin LP, Crooks PA, Cohen
BN. 1999. Pharmacological similarities between native brain and heterologously expressed alphadbeta2
nicotinic receptors. British Journal of Pharmacology 128:1291-1299. doi: 10.1038/s].bjp.0702900, PMID: 1057
8144

Shytle RD, Silver AA, Lukas RJ, Newman MB, Sheehan DV, Sanberg PR. 2002. Nicotinic acetylcholine receptors
as targets for antidepressants. Molecular Psychiatry 7:525-535. doi: 10.1038/sj.mp.4001035, PMID: 12140772

Staley JK, Krishnan-Sarin S, Cosgrove KP, Krantzler E, Frohlich E, Perry E, Dubin JA, Estok K, Brenner E, Baldwin
RM, Tamagnan GD, Seibyl JP, Jatlow P, Picciotto MR, London ED, O'Malley S, van Dyck CH. 2006. Human
tobacco smokers in early abstinence have higher levels of beta2* nicotinic acetylcholine receptors than
nonsmokers. Journal of Neuroscience 26:8707-8714. doi: 10.1523/JNEUROSCI.0546-06.2006, PMID: 16928859

Sulzer D, Sonders MS, Poulsen NW, Galli A. 2005. Mechanisms of neurotransmitter release by amphetamines: a
review. Progress in Neurobiology 75:406-433. doi: 10.1016/].pneurobio.2005.04.003, PMID: 15955613

Sulzer D. 2011. How addictive drugs disrupt presynaptic dopamine neurotransmission. Neuron 69:628-649.
doi: 10.1016/j.neuron.2011.02.010, PMID: 21338876

Tischbirek CH, Wenzel EM, Zheng F, Huth T, Amato D, Trapp S, Denker A, Welzel O, Lueke K, Svetlitchny A,
Rauh M, Deusser J, Schwab A, Rizzoli SO, Henkel AW, Miiller CP, Alzheimer C, Kornhuber J, Groemer TW.
2012. Use-dependent inhibition of synaptic transmission by the secretion of intravesicularly accumulated
antipsychotic drugs. Neuron 74:830-844. doi: 10.1016/j.neuron.2012.04.019, PMID: 22681688

Trapp S, Rosania GR, Horobin RW, Kornhuber J. 2008. Quantitative modeling of selective lysosomal targeting for
drug design. European Biophysics Journal 37:1317-1328. doi: 10.1007/s00249-008-0338-4, PMID: 18504571

Turner JR, Castellano LM, Blendy JA. 2011. Parallel anxiolytic-like effects and upregulation of neuronal nicotinic
acetylcholine receptors following chronic nicotine and varenicline. Nicotine & Tobacco Research 13:41-46.
doi: 10.1093/ntr/ntq206, PMID: 21097981

Unal G, Yeloglu I, Anilanmert B, Narin I. 2012. pKaconstant of varenicline. Journal of Chemical & Engineering
Data 57:14-17. doi: 10.1021/je200405w

Govind et al. eLife 2017;6:€25651. DOI: 10.7554/¢eLife.25651 22 of 23


http://dx.doi.org/10.1016/S0091-3057(02)00996-6
http://www.ncbi.nlm.nih.gov/pubmed/12479946
http://dx.doi.org/10.1111/j.1600-0536.1996.tb02192.x
http://dx.doi.org/10.1111/j.1600-0536.1996.tb02192.x
http://www.ncbi.nlm.nih.gov/pubmed/8730159
http://dx.doi.org/10.1124/jpet.109.164566
http://www.ncbi.nlm.nih.gov/pubmed/20100906
http://dx.doi.org/10.1152/physiol.00005.2004
http://www.ncbi.nlm.nih.gov/pubmed/15304635
http://www.ncbi.nlm.nih.gov/pubmed/10336551
http://dx.doi.org/10.1038/34413
http://www.ncbi.nlm.nih.gov/pubmed/9428762
http://www.ncbi.nlm.nih.gov/pubmed/5087396
http://dx.doi.org/10.1074/jbc.M111.256024
http://dx.doi.org/10.1074/jbc.M111.256024
http://www.ncbi.nlm.nih.gov/pubmed/21768117
http://dx.doi.org/10.1016/j.tips.2007.05.003
http://www.ncbi.nlm.nih.gov/pubmed/17573127
http://dx.doi.org/10.1111/j.1476-5381.2010.00682.x
http://dx.doi.org/10.1111/j.1476-5381.2010.00682.x
http://www.ncbi.nlm.nih.gov/pubmed/20331614
http://dx.doi.org/10.1016/j.neuron.2005.03.029
http://dx.doi.org/10.1016/j.neuron.2005.03.029
http://www.ncbi.nlm.nih.gov/pubmed/15944128
http://dx.doi.org/10.1126/science.6828889
http://www.ncbi.nlm.nih.gov/pubmed/6828889
http://dx.doi.org/10.1038/sj.bjp.0702900
http://www.ncbi.nlm.nih.gov/pubmed/10578144
http://www.ncbi.nlm.nih.gov/pubmed/10578144
http://dx.doi.org/10.1038/sj.mp.4001035
http://www.ncbi.nlm.nih.gov/pubmed/12140772
http://dx.doi.org/10.1523/JNEUROSCI.0546-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/16928859
http://dx.doi.org/10.1016/j.pneurobio.2005.04.003
http://www.ncbi.nlm.nih.gov/pubmed/15955613
http://dx.doi.org/10.1016/j.neuron.2011.02.010
http://www.ncbi.nlm.nih.gov/pubmed/21338876
http://dx.doi.org/10.1016/j.neuron.2012.04.019
http://www.ncbi.nlm.nih.gov/pubmed/22681688
http://dx.doi.org/10.1007/s00249-008-0338-4
http://www.ncbi.nlm.nih.gov/pubmed/18504571
http://dx.doi.org/10.1093/ntr/ntq206
http://www.ncbi.nlm.nih.gov/pubmed/21097981
http://dx.doi.org/10.1021/je200405w
http://dx.doi.org/10.7554/eLife.25651

e LI FE Research article Human Biology and Medicine | Neuroscience

Vallejo YF, Buisson B, Bertrand D, Green WN. 2005. Chronic nicotine exposure upregulates nicotinic receptors
by a novel mechanism. Journal of Neuroscience 25:5563-5572. doi: 10.1523/JNEUROSCI.5240-04.2005,
PMID: 15944384

Vezina P, McGehee DS, Green WN. 2007. Exposure to nicotine and sensitization of nicotine-induced behaviors..
Progress in Neuro-Psychopharmacology and Biological Psychiatry 31:1625-1638. doi: 10.1016/j.pnpbp.2007.
08.038, PMID: 17936462

Whiteaker P, Sharples CG, Wonnacott S. 1998. Agonist-induced up-regulation of alphadbeta2 nicotinic
acetylcholine receptors in M10 cells: pharmacological and spatial definition. Molecular Pharmacology 53:950-
962. PMID: 9584223

Wu J, Liu Q, Yu K, Hu J, Kuo YP, Segerberg M, St John PA, Lukas RJ. 2006. Roles of nicotinic acetylcholine
receptor beta subunits in function of human alpha4-containing nicotinic receptors. The Journal of Physiology
576:103-118. doi: 10.1113/jphysiol.2006.114645, PMID: 16825297

Govind et al. eLife 2017;6:25651. DOI: 10.7554/eLife.25651 23 of 23


http://dx.doi.org/10.1523/JNEUROSCI.5240-04.2005
http://www.ncbi.nlm.nih.gov/pubmed/15944384
http://dx.doi.org/10.1016/j.pnpbp.2007.08.038
http://dx.doi.org/10.1016/j.pnpbp.2007.08.038
http://www.ncbi.nlm.nih.gov/pubmed/17936462
http://www.ncbi.nlm.nih.gov/pubmed/9584223
http://dx.doi.org/10.1113/jphysiol.2006.114645
http://www.ncbi.nlm.nih.gov/pubmed/16825297
http://dx.doi.org/10.7554/eLife.25651

