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H I G H L I G H T S

• Amphetamine competitively inhibits α7 nicotinic receptors at physiological levels.

• Amphetamine binding site localization is directed by hydrogen bonding to Ser144.

• α7 receptor full knock-out mice display altered behavioral response to amphetamine.

• The α7 receptor could be a potential target for treatment of AMPH abuse.
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A B S T R A C T :

Amphetamine-type stimulants (ATS) are the second most consumed illicit drug worldwide and lack good
treatments for associated substance use disorders, lagging behind other addictive drugs. For this reason, a deeper
understanding of the pharmacodynamics of ATS is required. The present study seeks to determine amphetamine
(AMPH) enantiomers’ effects on the homomeric α7 nicotinic acetylcholine receptor (α7 nAChR). Here we have
shown that AMPH enantiomers bind to the α7 nAChR and competitively inhibit acetylcholine responses. Our in
silico docking analysis suggests that AMPH binds close to the β7 strand of the B-loop of a chimera comprising of
the human α7 nAChR and the acetylcholine binding protein from Lymnaea stagnalis. This may inhibit the re-
quired movement of the C-loop for channel opening, due to steric hindrance, providing a structural mechanism
for its antagonist effect. Finally, we have shown that, in α7 nAChR full knockout mice, the behavioral response to
D-AMPH is attenuated, providing direct evidence for the role of α7 nAChRs on the physiological response to D-
AMPH. Importantly, D-AMPH exerts these effects at concentrations predicted to be pharmacologically relevant
for chronic methamphetamine users and during binges. In conclusion, our data present new findings that im-
plicate the α7 nAChR on the pharmacodynamics of ATS, which may be important for behavioral responses to
these drugs, indicating a potential role for α7 nAChRs in ATS substance-use disorders.
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1. Introduction

Amphetamine-type stimulants (ATS) are a family of psychoactive
drugs that contain a substituted α-methylated phenethylamine back-
bone and mainly exert their physiological effects by reversing mono-
amine transporters. Depending on their substituent groups, pharma-
cology, and behavioral responses, they have been classified into three
different classes known as the amphetamine, the cathinone, and the
mescaline class (mescaline itself is a non-α-methylated phenethylamine
and not considered an ATS; Cao et al., 2016; Sulzer et al., 2005).

In the past decade, ATS have become the second most consumed
illicit drugs worldwide after marijuana (United Nations Office on Drugs
and Crime, 2016). In the United States, a 2016 survey has reported that
ATS are the third most consumed illicit drugs among adolescents and
adults (12 years or older) after marijuana and pain relievers (Center for
Behavioral Health Statistics and Quality, 2017). However, among
adolescents and adults younger than 23, ATS misuse ranks second with
prevalence ranging from 1.0% to 9.4%, and the prevalence is even
higher (∼11.1%) among male college students (Miech et al., 2017;
Schulenberg et al., 2017). This clearly departs from the prevalence
observed for other illicit drugs, including nonheroin narcotics
(0.8%–5.8%; college students ∼6.1%) and cocaine (0.8%–6.6%; col-
lege students ∼6.3%). Consequently, ATS pose serious implications for
public health due to the correlation between recreational drug use
during adolescence and the higher likelihood of developing personal,
social, and health problems, including substance use disorders, during
adulthood (Winters et al., 2014).

Unfortunately, treatments for ATS addiction have lagged in com-
parison to treatments for alcohol, nicotine, and opioids due to the lack
of effective pharmacotherapies (Cao et al., 2016). Bupropion, a mono-
amine transporter inhibitor of the cathinone class, is currently con-
sidered the most effective therapeutic drug for methamphetamine
abusers (METH, the N-methylated analog of amphetamine; Elkashef
et al., 2008). Interestingly, bupropion also inhibits α3β2, α4β2, and α7
nicotinic acetylcholine receptors (nAChRs) through a noncompetitive
mechanism (Slemmer et al., 2000). Bupropion potency on β2-con-
taining nAChRs (2–10 μM) lies within the potency for dopamine and
norepinephrine transporters, pointing out the importance of nAChRs in
bupropion pharmacotherapy (Musso et al., 1993; Slemmer et al., 2000).

Moreover, binding and cellular studies have also shown that
nAChRs are targeted by other ATS, including amphetamine and 3,4-
methylenedioxymethamphetamine (MDMA), a mescaline-class ATS
(Chipana et al., 2008; Liu et al., 2003; Spitzmaul et al., 1999). Collec-
tively, these studies have provided enough evidence to conclude that
some ATS may bind to nAChRs. However, they fall short from the ex-
tensive pharmacological characterization that is required for rationa-
lizing possible physiological consequences on animal models or hu-
mans.

In this study, we assessed the pharmacological action of AMPH
enantiomers on the α7 nAChR and its behavioral effect. Our results
demonstrate AMPH competitively inhibits α7 nAChRs and that this
effect may arise from its location within the acetylcholine (ACh)
binding pocket. But more remarkably, AMPH potency overlaps with
blood levels (7.5–28.8 μM) attained after a typical recreational dose
(0.25–1 g; Tallóczy et al., 2008). Furthermore, our behavioral results
provide evidence that the α7 nAChR is an important element in the D-
AMPH-induced locomotor response. In conclusion, this work supports a
strong link between AMPH and α7 nAChRs, thus, proposing nAChRs as
potential targets for refining the pharmacotherapeutic strategies for
treating chronic AMPH/METH abuse.

2. Materials and methods

For detailed information about materials, methods, and procedures,
see Supplementary Methods.

2.1. Drugs and reagents

All salts and reagents were ACS grade and purchased from Fisher
Scientifics (www.fishersci.com), Sigma-Aldrich (www.sigmaaldrich.
com), and Tocris Biosciences (www.tocris.com). [3H]-methyllycaconi-
tine (100 Ci/mmol in ethanol/water) from American Radiolabeled
Chemicals (www.arcincusa.com); methyllycaconitine citrate from
Tocris Biosciences (www.tocris.com); D-amphetamine hemisulfate was
purchase from Sigma-Aldrich; L-amphetamine hydrochloride from
Lipomed Inc (www.lipomed.com); and (± )-1-methyl-2-pyridin-3-yle-
thylamine from Broadpharm (www.broadpharm.com). Antibodies for
tyrosine hydroxylase and the dopamine transporter were purchased
from EMD Millipore (www.emdmillipore.com). Xenopus laevis oocytes
were obtained from EcoCyte Bioscience (www.ecocyte-us.com).

2.2. Animals

C57BL6/J and α7 nAChR full knockout (B6.129S7-Chrna7tm1Bay/J)
mouse lines were purchased from the Jackson Laboratory (Bar Harbor,
ME, USA). Mice were housed under a normal light cycle (12 h light/
dark cycle) and standard conditions with food and water ad libitum.
Wild type neonates (P0eP2) were used for preparing primary neuronal
cultures and young adult mice (8–12 weeks old) were used for open-
field and binding experiments. All experiments and procedures were
performed in accordance to the Institutional Animal Care and Use
Committees of Columbia University, National Institute of Health, and
institutional guidelines.

2.3. [3H]-methyllycaconitine (MLA) binding assays

Competition and upregulation experiments were evaluated in tri-
plicate and each replicate comprised tissue from five C57BL6/J mice.
P2 membrane preparations (100 μg total protein) were diluted to a final
volume of 50 μl in modified PBS and incubated for 2 h on ice.
Nonspecific binding was determined by preincubating unlabeled MLA
(1 μM) for 1 h. Incubation was completed by rapid filtration under a
vacuum and washed 3 times with ice-cold PBS.

Competition assays were performed on hippocampal preparations
by adding 1.5 nM [3H]-MLA in the presence of D-AMPH (0, 0.1, 1, 10,
100, and 1000 μM). Data points were calculated as [3H]-MLA fmol/mg
total protein and normalized against D-AMPH at 0 μM. The displace-
ment curve was fitted to a homogeneous one binding site model. The KD

value for MLA was 0.45 nM. Upregulation experiments were performed
on prefrontal cortex, striatal, and hippocampal preparations from
saline- and D-AMPH-treated mice (2.0 mg/kg, twice a day for 10 days).
Samples were incubated with 10 nM [3H]-MLA, and data points pre-
sented as [3H]-MLA fmol/mg total protein.

2.4. Two-electrode voltage clamp in Xenopus laevis oocytes

Human α7 cRNA (80 ng) was injected into oocytes and incubated
for 96–120 h. All drugs were diluted in MOR-2 (external solution).
Recordings were performed at room temperature and holding potential
was clamped at −70mV. Expression was verified by an ACh pulse
(“Normalizing Pulse”, 5 s, 1 mM). Recordings with basal currents
smaller than 100 pA and ACh responses bigger than 300 pA were se-
lected for analysis. A minimum of five oocytes were analyzed per drug.

Concentration−Response Curves: To test agonism, increasing con-
centration pulses (5 s; 0, 1, 3, 10, 30, 100, 300, and 1000 μM) of ACh,
D- or L-AMPH, and 1-methyl-2-pyridin-3-ylethylamine ((± )-MPEA)
were used. To test antagonism, a preincubation pulse (5 s) with in-
creasing concentrations of D- or L-AMPH (0, 0.1, 1, 10, 100, and
300 μM) were followed by ACh (1 mM) + AMPH coperfusion. Response
magnitude was obtained by calculating the net charge (area under the
curve) and normalized against the “Normalizing Pulse”. EC50 and IC50

were determined from the fitted equation Y = BOTTOM + (TOP -
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BOTTOM)/[1 + 10(Log C
50 -X) · Hill Slope)].

Current−Voltage (IV) Relationship: Drug pulses lasted 22 s and a
step ramp from −100 to +60 mV (Δ20 mV, 800 ms/step) was applied
10 s after pulse onset. A nondesensitizing ACh concentration (55 μM)
was perfused alone or in combination with D- or L-AMPH (30 μM).
Current magnitude was determined by subtracting the last 200 ms of
each step during MOR-2 perfusion from the ACh perfusion or ACh + D
or L-AMPH coperfusion. Current magnitude was normalized against the
current at −70 mV.

2.5. Whole-cell voltage clamp in primary neuronal cultures from the CA1
region of the hippocampus

Coverslips containing primary cultures (10–12 days in vitro) from
the CA1 region of C57BL6/J mice were perfused with modified HEPES-
buffered Tyrode's solution (mHBTS containing DNQX, gabazine, atro-
pine sulfate) at room temperature. All drugs were diluted in mHBTS.
Voltage was clamped at −70mV and series resistance compensated to
70%. α7 nAChR currents were initially selected by shape and confirmed
at the end using MLA (10 nM). Recordings with ACh responses bigger
than 50 pA and basal currents smaller than 75 pA were selected for
analysis.

Concentration−response curve: Responses were induced by ap-
plying 2mM ACh through a puffing pipette (16 psi, 150ms). The
puffing pipette was placed ∼25 μm away (diagonal) from neurons. To
test agonism, a second puffing pipette containing 2mM D- or L-AMPH
was used. To test antagonism, concentrations of D- or L-AMPH (0, 2.2,
22, 220, and 730 μM) were perfused in the bath while ACh was puffed
every minute. Basal response was determined using five ACh prepulses.
Then, the drug was applied during the next five pulses, followed by a
wash period of 10 pulses (Supplementary Fig. 2C and D). Only one
neuron was screened per concentration, and a minimum of three cells
were used per concentration. Response magnitude was obtained by
calculating the net charge and normalizing against the averaged basal
response net charge. IC50 was determined from the fitted equation: Y =
BOTTOM + (TOP - BOTTOM)/[1 + 10(Log C

50 -X) · Hill Slope)].
Competition experiments: Solutions were applied for 2 s using a

three-barrel stepper system. The barrels were placed ∼500 μm away
(diagonal) from neurons. Each ACh concentration (0.03, 0.3, or 3 mM)
was evaluated against increasing D-AMPH concentrations (ACh + D-
AMPH at 16, 87, or 200 μM). Percent D-AMPH-induced inhibition for
each ACh concentration was calculated via the difference between ACh
net charge and ACh + D-AMPH normalized to ACh net charge. Data
points were presented as mean ± SEM and a minimum of four neurons
were analyzed per condition.

2.6. In silico docking analysis

Analysis was performed using the Autodock 4.2 program suite. A
chimera comprising the human α7 nAChR and the Lymnaea stagnalis
acetylcholine binding protein (AChBP) resolved by Li et al., (2011) (α7/
AChBP; PDB entry: 3sq9) was used. Docking was performed on dimers
formed by subunits A and B of the Apo conformation. The water brid-
ging Leu104 and Leu116 was added by superimposing the L. stagnalis
AChBP “Apo” structure resolved by Celie et al., (2004). All polar hy-
drogens were added to the α7/AChBP and a formal charge of +1 was
added to the amine group of the ligands by protonation.

Ligands were docked using default Autogrid and Autodock settings.
Flexibility of the residues shaping the nicotine binding site was in-
cluded. Default settings were used for generating an 8000 Å3 cubic grid
that was centered at Trp145's indole nitrogen. 100 points (0.2 Å be-
tween points) were used in each direction to encompass the whole
binding site and to leave enough space to allow docking outside of the
binding site. The whole docking procedure was independently run 10
times. The amount of orientations per run was chosen based on the run
that has less orientations before reaching the differentiation criteria

(binding energy standard error limit: 2.5 kcal/mol). For clustering, root
mean square deviations from all possible pairs and coordinates for li-
gand amine nitrogen and phenyl C4 carbon positions (120 conforma-
tions x 126 parameters matrix) were analyzed in Igor 6.0 using the
farthest-point clustering algorithms. The same clustering analysis was
performed by only using the amine nitrogen coordinates. Orientations
were subsequently analyzed for intermolecular interactions with the
α7/AChBP at a cut-off distance of 3.9 Å.

2.7. Open field paradigm

α7 nAChR wild-type and full knockout littermates were selected by
specific genotyping procedures for this line (Jackson Laboratory web-
site) and transferred to a satellite room (reversed light cycle) at least
two weeks before experiments. The open field was a clear acrylic square
box with white floor (43.5× 43.5× 30.5 cm) with two levels of in-
frared motion sensors. Interruptions of at least four consecutive beams
within less than half a second was recorded as a movement score.
Cumulative counts were compiled and downloaded every minute. Mice
were daily handled for 5min and injected with saline (0.9% NaCl)
during the preceding four days to reduce stress. Mice were habituated
to protocol conditions on days five and six by transferring them to the
open field box and monitoring locomotion for 1.5 h, followed by a
saline injection and another 1.5 h of monitoring. On the seventh day,
the same paradigm was used, but mice received a D-AMPH injection
(1.5 mg/kg). The time length used for calculating total locomotion was
defined as the time that it takes to all genotypes to reach the same
locomotion level after D-AMPH injection (70min).

3. Results

3.1. D-AMPH displaces [3H]-Methyllycaconitine

We first corroborated D-AMPH competitive binding on α7 nAChRs
by performing a [3H]-MLA competition binding assay under equili-
brium conditions on hippocampal tissue (Fig. 1A). We found D-AMPH
displaced [3H]-MLA with an inhibition constant (Ki) of 49.7 μM (95%
C.I.: 6.6–375 μM). Furthermore, bound [3H]-MLA levels at the highest
D-AMPH concentration (1mM) was reduced to 6.5 ± 8.9% of the total
binding level, agreeing with a practically total [3H]-MLA displacement.

3.2. AMPH enantiomers inhibit the human α7 nicotinic receptor

We analyzed AMPH enantiomer potencies on the human α7 nAChR
(hα7R) expressed on Xenopus laevis oocytes through electro-
physiological methods. In voltage clamp experiments, ACh perfusion
resulted in a concentration-dependent hα7R activation, but no activa-
tion was detectable by any of the enantiomers, ruling out agonism on
hα7R (Fig. 1B, EC50: 96.0 μM, 95% C.I.: 82–113 μM). Next, we eval-
uated hα7R inhibition by pre-perfusing the enantiomer before ACh/
enantiomer coperfusion. Both enantiomers produced a concentration-
dependent reduction in ACh-induced response, with a small but sig-
nificant difference in potencies (Fig. 1C; D-AMPH: IC50: 3.2 μM, 95%
C.I.: 1.7–6.2 μM; L-AMPH: 11.7 μM, 95% C.I.: 6.6–20.6 μM; extra su-
m−of−squares F test for potency, P=0.005).

3.3. AMPH enantiomers are not open channel blockers

We assessed whether AMPH enantiomers are open channel blockers.
In current−voltage (IeV) relationships, nAChRs show rectification at
negative potentials in the presence of cationic channel blockers. Neither
enantiomer rectified the IeV curves at negative potentials, ruling out
this mechanism (Fig. 1D; ACh: 55 μM; D-AMPH: 30 μM, two-way
ANOVA, treatment P= 0.37; L-AMPH: 30 μM, two-way ANOVA,
treatment P=0.64).
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3.4. AMPH enantiomers competitively inhibit the mouse α7 nicotinic
receptor in primary neuronal cultures from the CA1 region of the
hippocampus

We performed whole-cell voltage clamp on the type I, methyllyca-
conitine (MLA)-sensitive mouse α7 nAChR (mα7R) from primary cul-
tures of the CA1 region aiming to confirm AMPH's pharmacological
properties in a neuronal environment. To assess whether the en-
antiomers could trigger intracellular mechanisms that may indirectly
modulate mα7R in this culture, we first searched for catecholamine
markers and Ca2+ signaling. This culture shows no catecholamine
synthesis or plasmalemmal dopamine transporter (DAT), as reflected by
the absence of tyrosine hydroxylase and DAT immunofluorescence la-
beling on neurons (Supplementary Fig. 1A) and glia (data not shown)
from wild type mouse (WT) cultures. We also attempted norepinephrine
transporter immunolabeling, but signal/noise ratio from all tested an-
tibodies was not large enough to produce a reliable detection in cultures
from locus coeruleus (data not shown). Changes in intracellular Ca2+

levels were analyzed by bath perfusing D- or L-AMPH on cultures ob-
tained from GCaMP3–Nestin CRE mice. No significant changes, except
for L-AMPH at 2.2 μM, were detected in mα7R-expressing neurons
(Supplementary Fig. 1B, and C), mα7R-nonexpressing neurons (data
not shown), and glia (data not shown). These results argue against a
potential mα7R modulation by Ca2+ or catecholamine signaling in this

culture.
Nonetheless, voltage clamp experiments for estimating AMPH IC50

values in cultures from WT mice displayed a sustained and reversible
hyperpolarizing change in basal current (a shift in trace's baseline
current to smaller negative values) during AMPH perfusions at high
concentrations. (Supplementary Fig. 2A; 220 μM: 10.8 ± 2.4 pA,
730 μM: 16.6 ± 3.5 pA; one-way ANOVA, P=0.007; Dunnett's
posttest: 0 vs 220 μM and 0 vs 730 μM, P < 0.05). This hyperpolarizing
current was also observed at high D-AMPH concentrations during
competition experiments. However, this current probably reflects an
unknown and independent K+ or Cl− conductance that could affect the
analysis of the ACh-induced responses depending on the employed
protocol for drug delivery, as is explained below for each case.

Then, we analyzed whether AMPH enantiomers activate the mα7R
in WT cultures. The mα7R-positive neurons were recognized by fast-
kinetics responses produced by ACh and confirmed at the end of each
experiment with 10 nM MLA (Fig. 2A and Supplementary Fig. 2B).
Neither enantiomer (up to 1mM) induced mα7R responses when ap-
plied through the puffing pipette (data not shown), agreeing with the
lack of responsiveness displayed by the hα7R. Next, we evaluated the
inhibition potencies by bath perfusing each enantiomer while puffing
ACh. As observed with the hα7R, AMPH enantiomers produced a
concentration-dependent inhibition, but in contrast to hα7R, potencies
were not significantly different (Fig. 2A and Supplementary Fig. 2C and

Fig. 1. Amphetamine enantiomers inhibit α7 nAChRs through a competitive mechanism. A. [3H]-MLA competition binding assay on hippocampal tissue. Binding
experiments were performed on ice (n= 3), and the inhibition constant (Ki) calculation model was fitted to a single binding site model using a KD of 0.45 nM for
MLA. D-AMPH displaces [3H]-MLA (1.5 nM) in a concentration-dependent manner, reaching levels close to [3H]-MLA nonspecific binding at the highest D-AMPH
concentration. B. Concentration−response curve for hα7R activation by ACh (1–1000 μM) and AMPH enantiomers (3–1000 μM) Left: Representative traces for hα7R
macroscopic currents generated by ACh and D-AMPH on Xenopus laevis oocytes. ACh or D-AMPH were perfused for 5 s. Traces alternate in color (grey and black) for
visual facilitation. Right: ACh induces hα7R currents (n=5) in a concentration-dependent manner, while each enantiomer displays no responses (n= 8). C.
Concentration−response curve for hα7R inhibition by AMPH enantiomers. Top: Representative traces for hα7R macroscopic currents generated by ACh and D-
AMPH. Antagonism was tested by pre-perfusing the respective enantiomers (0.1–300 μM, 5 s), followed by ACh (1 mM) + AMPH coperfusion (5 s). Bottom: AMPH
enantiomers inhibit hα7R currents with significantly different potencies. Extra sum−of−squares F test, F(1,115)= 8.4, P= 0.005. D. Current−voltage (IV) re-
lationship for hα7R inhibition by AMPH enantiomers. Top: Representative traces for the voltage ramp applied during ACh (55 μM) and ACh + D-AMPH (30 μM)
coperfusion. A nondesensitizing ACh concentration was perfused with or without the respective AMPH enantiomer for 22 s. The ramp was applied 10 s after ligand
exchange onset. Bottom: AMPH enantiomers do not rectified the IV relationship at negative potentials as expected for open channel blockers (D-AMPH: n=5–6, two-
way ANOVA, treatment F(1,90)= 0.82, P= 0.37; L-AMPH: n= 6, two-way ANOVA, treatment F(1,100)=0.22, P=0.64). Each data point is represented as
mean ± SEM.

D.R. Garton et al. Neuropharmacology 144 (2019) 172–183

175



D; D-AMPH IC50: 20.7 μM, 95% C.I.: 16.5–26.0 μM; L-AMPH IC50:
26.4 μM, 95% C.I.: 22.0–31.7 μM; extra sum−of−squares F test,
P= 0.10). In this experiment, the hyperpolarizing current does not
affect the IC50 estimation since it is present during the whole AMPH
incubation period and is offset in the baseline subtraction step during
net charge calculations.

Lastly, we used a fast-exchange perfusion system to provide further
evidence about AMPH's inhibition mechanism by coperfusing ACh with
D-AMPH at concentrations representing the IC33, IC66, and IC90

(Fig. 2B). In agreement with a competitive mechanism, increasing ACh
concentration reduced D-AMPH inhibition until reaching a point (3 mM
ACh) where minimal inhibition was achieved, consistent with a sur-
mountable inhibitory mechanism (Fig. 2B; 0.03 mM ACh and D-AMPH,
16 μM: 25.6 ± 2.9%, 87 μM: 54.9 ± 5.5%, 200 μM: 77.2 ± 1.5%;
0.3 mM ACh + D-AMPH, 16 μM: 11.9 ± 2.1%, 87 μM: 39.6 ± 1.7%,
200 μM: 57.5 ± 2.5%; 3.0 mM ACh + D-AMPH, 16 μM: 5.7 ± 2.5%,
87 μM: 11.7 ± 3.1%, 200 μM: 12.5 ± 8.3%; two-way ANOVA, in-
teraction P = 0.0001). However, traces recorded at 3 mM ACh
(Figs. 2B, 87 and 200 μM D-AMPH) showed that the D-AMPH-triggered
hyperpolarizing current affects the normalized inhibition. This current
possibly become evident at 3 mM due to mα7R desensitization, and its
presence in the D-AMPH + ACh traces is denoted by a hyperpolarized
phase with respect to the baseline (the area under the curve becomes
positive with respect to the baseline). We did not observe this current at
16 μM D-AMPH, agreeing with the data obtained at 22 μM D-AMPH for
the IC50 estimation. On the other hand, it counteracts the response of
uninhibited mα7Rs at 87 and 200 μM D-AMPH. Analysis of the hy-
perpolarized phase showed that this could account for ∼4% and 6% of
the total net charge for D-AMPH at 87 and 200 μM, respectively.

3.5. D-AMPH binding to the α7/acetylcholine binding protein (α7/AChBP)
chimera is possibly stabilized by concurrent hydrogen bonds with serine
144's carbonyl group and tyrosine 91's hydroxyl group and aromatic
interactions

To unveil the interactions stabilizing D-AMPH binding, we per-
formed in silico docking analyses using the crystal structure from a
chimera comprising the hα7R and Lymnaea stagnalis AChBP
(Supplementary Fig. 3A; Li et al., 2011). The center of the docking
volume (8000 Å3 cube) was superimposed over Trp145 (Fig. 3A), which
displays the same orientation in Apo and epibatidine-bound con-
formations. The water molecule bridging residues Leu104 and Leu116
(Fig. 3C and Supplementary Fig. 3B) was included in the analysis by
superimposing the β5−β6 sheets from the α7/AChBP with the same
segment on the “Apo” conformation of the L. stagnalis AChBP resolved
by Celie et al. (2004).

The docking analysis was performed using flexible side chain con-
ditions on the α7/AChBP Apo conformation. The analysis was run ten
times (25 orientations/run) and the 12 most stable orientations from
each run were selected (120 orientations in total). Differences in
binding energies (−7.07−−5.90 kcal/mol) were not large enough
(ΔE=2.5 kcal/mol) to select the most likely orientation. However, a
clustering analysis using the root mean square deviation (RMSD) values
from all possible pairs and docking coordinates for D-AMPH's nitrogen
and C4 carbon segregated the conformations into 9 different clusters
(Supplementary Fig. 3C and Supplementary Table 1). The most popu-
lated cluster (Cluster 7) held 38 out of 120 orientations, followed by
clusters holding 27 (Cluster 4), 21 (Cluster 1), and 19 (Cluster 3) or-
ientations. The rest of the clusters hold between 1 and 5 orientations. A
scatterplot using cluster's mean binding energy and the number of or-
ientations showed no correlation between these parameters, suggesting
that big clusters are not energetically favored to occur (Supplementary
Fig. 3C). Remarkably, the D-AMPH amine group tends to localize close
to Ser144's carbonyl group. A second clustering analysis for D-AMPH's
nitrogen coordinates showed that Clusters 1, 3, 7, and 8 (83 orienta-
tions for a 69% of the total) fall into the same nitrogen cluster (Fig. 3B
and Supplementary Fig. 3D). The main difference among these clusters
was the direction of the phenyl group within the ACh binding site
(Supplementary Fig. 3E).

Cluster 8 was excluded from further analysis because, in contrast to
the other clusters, most orientations only displayed one hydrogen bond
that differently interact with either Ser144 or Trp145 and one showed

Fig. 2. D-Amphetamine displays surmountable inhibition on α7 nAChR en-
dogenously expressed in primary cultures from the CA1 region of the hippo-
campus. A. Concentration−response curve for mα7R inhibition by AMPH en-
antiomers. Left: Representative traces for MLA-sensitive, mα7R macroscopic
currents recorded from primary cultures of the CA1 region. ACh (2mM) was
air-pressured applied (150ms, 16 p.s.i.; arrowhead) through a glass micropip-
ette (1–2 μm tip) 20 μm away from the neuron. Right: AMPH enantiomers in-
hibit mα7R currents with no differences in potencies. Extra sum−of−squares F
test, F(1,42)= 2.8, P=0.1, n=3–5 cells/concentration. A n= 3 was only
used for L-AMPH at 730 μM, which displayed total mα7R inhibition like D-
AMPH at 730 μM (n=5) and experiments in oocytes for the hα7R. Antagonism
was tested by bath applying one of the enantiomers (0–730 μM, 10min), while
ACh was air-pressured puffed every minute. B. ACh vs D-AMPH competition
analysis. Left: Representative traces for mα7R currents. ACh, D-AMPH, and
ACh + D-AMPH solutions were rapidly exchanged (∼20 ms) by a fast perfusion
system, and cells were perfused for 2 s. Right: Increasing ACh concentrations
reduce D-AMPH inhibition until reaching a concentration with minimal in-
hibition (two-way ANOVA, interaction F(4,33) = 11.0, P = 0.0001; Fisher's
LSD posttest, *P < 0.05, **P < 0.01, ***P < 0.001; n = 4–5 cells/condi-
tion). D-AMPH concentrations represents the IC33, IC66, and IC90. Each data
point is represented as mean ± SEM.
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coincident hydrogen bonds with Ser144 and Trp145 (Supplementary
Fig. 3F). Conversely, Clusters 1, 3, and, 7 shared a common set of in-
teractions (Fig. 3C and Supplementary Fig. 4). These clusters comprised
78 orientations and 21 of the 30 most stable orientations (top 25%),
including nine of the first twelve orientations (top 10%). When D-
AMPH−α7/AChBP contacts were evaluated at a cutoff distance of

3.9 Å, we found similarities to the contacts observed in the nicoti-
ne−AChBP structure (Celie et al., 2004). On the principal side, D-
AMPH interacted with Tyr91, Trp145, and Tyr191 side chains in 100%,
94%, and 100% of the orientations, respectively. Furthermore, many
orientations (73%) made contacts with Tyr184, a residue that does not
interact with nicotine, with a similar percentage among clusters (71%,
78%, and 71% in Cluster 1, 3, and 7, respectively). Also contrasting

Fig. 3. D-Amphetamine binding to an α7/AChBP chimera is stabilized by hydrogen bonding to Ser144's backbone carbonyl groups. A. Side and top views for the
volume of the α7/AChBP chimera binding site (cube) that was selected for docking analysis. The cube center was superimposed over Trp143 and the edge dimensions
are 100 Å. The dotted box demarcates the β strands (β9 and β10) comprising the C-loop, and the + and – symbols signify the principal and complementary sides of
the binding site. B. Nitrogen atoms from the D-AMPH molecules display a high degree of occurrence near Ser144's carbonyl group. The docking protocol was run ten
times using the “Apo” α7/AChBP conformation, with residues delineating the nicotine binding site allowed to rotate freely, except for Trp145. Cluster 1: 21
orientations (mint green), Cluster 2: 4 orientations (dark grey), Cluster 3: 19 orientations (banana mania), Cluster 4: 27 orientations (yellow), Cluster 5: 1 orientation
(green), Cluster 6: 1 orientation (orange), Cluster 7: 38 orientations (pink salmon), Cluster 8: 5 orientations (light violet), Cluster 9: 4 orientations (tangerine). C.
Docked D-AMPH molecules residing close to the β7 strand of the B-loop may prevent C-loop displacement by steric hindrance. Left: Orientations from the most
populated cluster, Cluster 7. Part of the C-loop was removed to improve visualization. Center: Orientations in Cluster 7 were stabilized by coincident hydrogen bonds
with Tyr91 and Ser142. The orientation with the lowest root mean square (RMS, 1.95 Å, −6.09 kcal/mol) within this cluster is displayed. RMS for each orientation
was calculated using the RMSD for each combination in the clusters. Dashed lines show hydrogen bonds with Tyr 91 and Ser142 (yellow), the π−σ interaction with
Trp145 (purple), and the π−π stack interaction with Tyr184 (magenta). No interaction with water was observed. Right: van der Waals radius for the orientation with
the lowest RMS. This orientation interacts (cutoff distance 3.9 Å) with all residues involved in nicotine binding, except Leu116. The contacts made by Tyr91, Trp145,
Tyr184, and Tyr 191 may prevent the C-loop displacement required for channel opening. Scale: partial atom charge. D. 1-methyl-2-pyridin-3-ylethylamine is an α7
nAChR agonist with negligible efficacy. Left: Nicotine, (± )-AMPH, and (± )-MPEA structures. Center: Representative traces for hα7R macroscopic currents gen-
erated by ACh and (± )-MPEA on Xenopus laevis oocytes. Traces alternate in color (grey and black) for visual facilitation. Right: (± )-MPEA hardly induces
macroscopic currents on hα7R. ACh (1 mM) and (± )-MPEA (0–1000 μM) were perfused for 4 s. The mean peak current was 1278 ± 131 nA for ACh. For
(± )-MPEA: 2.33 ± 0.26 nA at 0 μM, 3.09 ± 0.34 nA at 300 μM, and 10.2 ± 1.3 nA at 1000 μM. One-way ANOVA: F(5,41) = 25.4, P < 0.001; Dunnett's posttest
(control: 0 μM (± )-MPEA): *P < 0.05; n = 8 oocytes. Data points represent mean ± SEM.
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with nicotine, a minority of orientations interacted with key residues
(principal side: Cys187, 15%; complementary side: Trp53, 37%;
Gln114, 6%; Leu116, 41%) and the water molecule (18%). These in-
teractions were also not evenly distributed among clusters, with
Gln114, Leu116, C187, and water preferentially observed in Cluster 7
(100%, 84%, 92%, and 100% of the cases, respectively) and Trp53
evenly distributed between Cluster 3 and 7 (55% and 45% of the cases,
respectively).

D-AMPH also made extensive contacts with Trp145's backbone
atoms and Ser144's carbonyl group on the principal side that were not
observed with nicotine. All 78 orientations in these clusters displayed
hydrogen bonds (57 orientations with Tyr91, 70 with Ser144, and 4
with Trp145). Multiple hydrogen bonds were detected in 50 orienta-
tions, and coincident hydrogen bonds between D-AMPH's amine hy-
drogen with the Tyr91's hydroxyl and Ser144's carbonyl groups were
observed in 48 orientations (13 in Cluster 1, 8 in Cluster 3, and 27 in
Cluster 7; middle panels in Fig. 3C and Supplementary Fig. 4). Re-
markably, a well-structured hydrogen bond network, as the one pre-
sented in Fig. 3C, was observed in 15 orientations (Cluster 1: 19%,
Cluster 3: 21%, and Cluster 7: 18%).

In addition to hydrogen bonding, aromatic interactions were fre-
quently observed between D-AMPH and residues shaping the principal
side of the ACh binding site. Possible interactions that stabilized the D-
AMPH−α7/AChBP complex include [1] π−π stacks and π−π T-shape
interactions between the rings of Trp145, Tyr184, and Tyr191 and D-
AMPH's phenyl ring. [2] π−sigma interactions between D-AMPH's α-
methyl substituent and Trp145's indole ring. [3] cation−π interactions
between D-AMPH's amine group and Tyr191's phenyl ring. Moreover,
other interactions could be playing a minor role in stabilizing D-AMPH
binding, including [1] π−π interactions with Trp53; [2] π−alkyl in-
teractions between D-AMPH's phenyl ring and the methylene bridge of
Gln114 and Cys187; and [3] π−sulfur interactions between D-AMPH's
phenyl ring and C187's sulfur atom.

Interestingly, these clusters are tightly packed near the “hinge”
between the β7 strand and C-loop (β9 and β10 strands; right panels in
Fig. 3C and Supplementary Fig. 4). This packing may constrain C loop
motion, which contributes to the pore opening mechanism (Law et al.,
2005; Unwin and Fujiyoshi, 2012). We hypothesized that competitive
ligands capable of forming a hydrogen bond with Ser144 may act as an
antagonist. To provide evidence for this hypothesis, the nicotinoid
pharmacophore was introduced into the AMPH backbone by converting
AMPH's benzene ring into a pyridine ring (1-methyl-2-pyridin-3-yle-
thylamine, MPEA; Fig. 3D, left figure). In agreement with our hypoth-
esis, docking analysis and voltage clamp experiments demonstrated
that D-MPEA displays a similar docking pattern to D-AMPH, especially
the amine groups (Supplementary Fig. 5A) and that (± )-MPEA acti-
vates the hα7R at the highest concentration with negligible efficiency
(Fig. 3D; ACh, 1000 μM: 1278 ± 131 nA; (± )-MPEA, 0 μM:
2.33 ± 0.26 nA, 300 μM: 3.09 ± 0.34 nA, 1000 μM: 10.2 ± 1.3 nA;
one-way ANOVA, P < 0.001; Dunnett's posttest: (± )-MPEA 0 μM vs
1000 μM, P < 0.05).

Parallel to D-AMPH, differences in binding energies
(−7.09−−5.46 kcal/mol) were not large enough to differentiate
among orientations and clustering analysis segregated the conforma-
tions into 6 clusters (Supplementary Table 2). Cluster 1 was the most
populated cluster (41 orientations), followed by Cluster 6 and 5 with 39
and 30 orientations, respectively, and the rest of the clusters holding
between 1 and 6 orientations. Again, the scatterplot for cluster's mean
binding energy versus number of orientations also suggested that big
clusters are not energetically favorable to occur (Supplementary
Fig. 5B), and clustering analysis using D-MPEA's nitrogen coordinates
was used to select the most probable clusters. Clusters 1 and 6 were
grouped into the same nitrogen cluster, close to Ser144's carbonyl
group, and the main difference between them was the direction of the
phenyl group (Supplementary Fig. 5B).

These two clusters also shared the same set of interactions that

stabilized D-AMPH binding into the α7/AChBP chimera
(Supplementary Fig. 5C). These clusters comprised 24 of the most stable
orientations in the top 25%, and ten of the top 10%. At a cutoff distance
of 3.9 Å, 96% of the orientations made contacts with the side chains of
Tyr91, Trp145, and Tyr191 and 72% with Tyr184 in the principal side.
D-MPEA also displayed a small amount of orientations interacting with
Cys187 (13%) in the principal side, and with Trp53 (44%), Gln114
(10%), and Leu116(43%) in the complementary side. The water mo-
lecule did contact in 18% of the orientations. As observed with D-
AMPH, these interactions were not evenly distributed among clusters.
Interactions with Gln114, Cys187, and water were observed in Cluster 1
and with W53 in Cluster 6. Interactions with Leu116 were evenly dis-
tributed between clusters (Cluster 1: 53% and Cluster 6: 47% of the
cases).

D-MPEA also made extensive contacts with Trp145's backbone
atoms and Ser144's carbonyl group on the principal side. Clusters 1 and
6 displayed hydrogen bonds in 66 orientations and hydrogen bonding
to Ser144's carbonyl group was observed in 65 orientations
(Supplementary Fig. 5C). Multiple hydrogen bonds were detected in 42
orientations but, differing from D-AMPH docking, coincident hydrogen
bonds were also observed with water and the side chains of Trp53 and
Tyr191. Hydrogen bonding to water and these residues were made by
the pyridine's nitrogen electron pair. However, the coincident hydrogen
bonding between D-MPEA's amine hydrogens and the Tyr91's hydroxyl
and Ser144's carbonyl groups was the most frequent (11 orientations).
Other multiple hydrogen bond combinations with D-MPEA include
Ser144/water (5 orientations), Ser144/Tyr191 (7 orientations),
Ser144/Trp53 (6 orientations), and Tyr91/Ser144/Trp53 (7 orienta-
tions). Moreover, similar aromatic interactions to D-AMPH could also
be involved in stabilizing D-MPEA binding, including [1] π−π inter-
actions between the rings of Trp145, Tyr184, and Tyr191 and D-MPEA's
phenyl ring; [2] π−sigma interactions between D-MPEA's α-methyl
substituent and the rings of Trp145 and Tyr191; [3] cation−π inter-
actions between D-MPEA's amine group and Tyr191's phenyl ring; and
[4] π−alkyl interactions between D-MPEA's phenyl ring and the me-
thylene bridge of Leu116.

3.6. Ablation of the CHRNA7 gene in mouse disrupts D-AMPH-induced
locomotion

We assessed in vivo significance for AMPH−α7 nAChR inter-
relationship by evaluating two physiological processes: D-AMPH-in-
duced locomotion and mα7R upregulation. We, first, evaluated whether
CHRNA7 gene ablation modifies D-AMPH-induced locomotion in the
open field paradigm. The α7 nAChR full knockout mouse (KO) dis-
played no changes in locomotion with respect to the WT during the
habituation phase of the first experimental day (Fig. 4A; Horizontal
(cm), WT: 12499 ± 679, KO: 11141 ± 694; Student's t-test:
P= 0.18), suggesting no alteration in basal locomotion or exploratory
behavior. Furthermore, all genotypes showed similar locomotion levels
when they were injected with saline during the treatment phase of the
second experimental day, providing further evidence that ablation of
the CHRNA7 gene produces no changes in basal locomotion (Fig. 4B,
Saline; WT: 5714 ± 845, KO: 4947 ± 643; Fisher's LSD posttest,
P= 0.80). Conversely, D-AMPH treatment (1.5 mg/kg, i.p., third ex-
perimental day) induced a significant 107% increase in horizontal lo-
comotion in the KO mouse, which was significantly less than the 208%
increase in the wild-type mice (Fig. 4B; D-AMPH, WT: 17601 ± 3982,
KO: 10271 ± 1556; repeated measure two-way ANOVA: treatment
P < 0.0001, interaction P=0.06; Fisher's LSD posttest, WT(sali-
ne)−WT(D-AMPH): P= 0.0004, KO(saline)−KO(D-AMPH): P=0.05,
WT(D-AMPH)−KO(D-AMPH): P=0.02). Nevertheless, the change in
horizontal locomotion concomitantly occurs with a reduction in vertical
movement in both genotypes, in accordance with D-AMPH inducing its
effects on both WT and α7 nAChR KO mice (Fig. 4C, vertical counts;
saline, WT: 729 ± 147, KO: 609 ± 84; D-AMPH, WT: 261 ± 71, KO:
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257 ± 75; repeated measure two-way ANOVA, treatment P < 0.0001;
Fisher's LSD posttest, WT(saline)−WT(D-AMPH): P=0.002, KO(sali-
ne)−KO(D-AMPH): P=0.01).

3.7. D-AMPH does not induce upregulation of the mouse α7 nicotinic
receptor in various brain areas

We investigated whether D-AMPH upregulates mα7R during an
administration schedule that induces sensitization. We analyzed P2
membrane fractions from chronically treated WT mice using 10 nM
[3H]-MLA (Saline vs D-AMPH at 2mg/kg, twice/day for 10 days). We
found that D-AMPH induced no changes in [3H]-MLA binding levels in
the prefrontal cortex, striatum, and hippocampus (Fig. 4D, Saline vs D-
AMPH (Student's t-test), prefrontal cortex: 43.7 ± 3.8 vs 42.5 ± 4.5
(P= 0.60), striatum: 38.7 ± 5.1 vs 42.1 ± 1.1 (P=0.48), hippo-
campus: 95.8 ± 9.1 vs 108.8 ± 3.7 (P= 0.21)).

4. Discussion

Multiples studies have shown that ATS directly bind and modulate
α7 and β2-containing nAChRs (Chipana et al., 2008; Liu et al., 2003;

Spitzmaul et al., 1999). AMPH and MDMA displaced methyllycaconi-
tine and epibatidine in mouse brain extracts at conditions imparting
selectivity on α7 and heteromeric neuronal nAChRs, respectively. But,
even though these drugs display no selectivity for nAChR subtypes,
their pharmacological responses could be subtype-dependent. MDMA
activates α7 nAChRs with low efficacy but blocks α4β2 in xenopus
oocytes. D-AMPH induces Ca2+ influx through β2-containing and α7
nAChRs in chromaffin cells. However, a single channel study suggests
D-AMPH is an open channel blocker of the muscle-type nAChR. These
results, along with bupropion's noncompetitive mechanism, suggest
that not all ATS share a common pharmacological mechanism on
nAChRs and should be individually characterized.

In the present study, we studied AMPH, which holds the ATS pro-
totypical structure and has similar pharmacokinetics, pharmacody-
namics, and behavioral potency to METH, but has a higher prevalence
among adolescent and young adults (Balster and Schuster, 1973; Hall
et al., 2008; Lamb and Henningfield, 1994; Melega et al., 1995; Miech
et al., 2017; Schulenberg et al., 2017). The α7 nAChR was selected
because its homomeric assembly provides easy pharmacological inter-
pretations by avoiding the complexity associated to heteromeric as-
sembly, as observed in β2-containing receptor studies (Palma et al.,
1996).

Our results contrast with the agonist mechanism proposed by Liu
et al. (2003) in chromaffin cells. However, the increase in intracellular
Ca2+ ([Ca2+]i) levels are also abolished by voltage-gated Ca2+ channel
blockers, suggesting a more complex mechanism than just direct
agonism. In contrast, our results were obtained from α7 nAChR ex-
pression systems that have been extensively used for pharmacological
studies (Alkondon and Albuquerque, 1993; Palma et al., 1996). Two-
electrode voltage clamp in oocytes provides the advantage of no en-
dogenous expression of nAChRs and other receptors mediating AMPH
effects. Thus, interpretation from primary cultures of the CA1 region
could be limited by intracellular signals triggered by AMPH that mod-
ulate nAChR response, particularly phosphorylations and changes in
[Ca2+]i levels (Guo and Lester, 2007; Huganir et al., 1986). Our results
suggest that our cultures lack proteins associated with dopamine
synthesis and uptake, ruling out any mechanism related to dopamine
signaling. Because these results agree with the hypothesis that mono-
amine synthesis and uptake are only mediated by their respective
neurons, we suggest that primary cultures from the CA1 region are
monoamine free. Following this hypothesis, AMPH's inability to modify
[Ca2+]i levels reflects deficiencies in monoamine transporters or ab-
sence of proteins that are necessary to trigger AMPH's effects.

However, a hyperpolarizing current was detected in primary cul-
tures of the CA1 region that introduced an error of at least 4–6% in the
analysis of the competition experiment at high D-AMPH concentrations.
The fast on/off kinetics and sustained presence of this current probably
reflects a receptor-mediated, K+ or Cl− conductance that still need to
be identified and not a direct modulation of α7 nAChRs. AMPH is
known to induce Na+ and Cl− conductances on monoamine transpor-
ters and the ligand-gated channel-55 (LGC-55), respectively (Sitte and
Freissmuth, 2015). LGC-55 is an amine-gated channel related to the cys-
loop superfamily, which include nAChR, GABAA, and glycine receptors.

In oocytes, we found that D-AMPH blocks hα7Rs with a slightly
higher potency than L-AMPH. Such differences, however, were not
observed when the enantiomers were coperfused with ACh (no pre-
treatment, Supplementary Fig. 6) or in experiments performed on pri-
mary cultures from the CA1 region. In our experience, different oocyte
batches usually display small differences in potency. Taken together,
these data strongly suggest that both enantiomers inhibit α7 nAChR
with same potency. Further evidence supporting our results comes from
binding studies using nornicotine and 3-pyridyl ethers (Abreo et al.,
1996; Copeland et al., 1991). These studies have shown that stereo-
selectivity is almost abolished when an amine's substituent groups are
replaced by hydrogens. Therefore, we conclude that both isomers
competitively inhibit α7 nAChRs with same potency within the low

Fig. 4. D-amphetamine administration induces a reduced locomotion increase
in α7 nAChR full knockout mice and does not upregulate α7 nicotinic receptors
in wild type mice. A. α7 nAChR KO mice displays no changes in locomotion
when exposed to an open field for the first time. Mice were acclimated to the
chamber for 90min (habituation phase), followed by the treatment injection
and locomotion assessment for 90min (treatment phase). The Box and Whisker
graph covers the total data range. Habituation, WT: 12499 ± 679 (n=10),
KO: 11141 ± 694 (n=12), Student's t-test P=0.18. B. α7 nAChR KO mice
displays reduced locomotion to an acute D-AMPH dose. Horizontal locomotion
was assessed during the treatment phase with saline (second day) or D-AMPH
(1.5 mg/kg, i.p., third day). motion. Saline, WT: 5714 ± 845, KO:
4947 ± 643; D-AMPH, WT: 17601 ± 3982, KO: 10271 ± 1556; two-way
repeated measure ANOVA: treatment P < 0.0001, interaction P = 0.06;
Fisher's LSD posttest: *P < 0.05, **P < 0.0005. C. Increase in horizontal
locomotion concomitantly occurs with a reduction in vertical movement.
Saline, WT: 729 ± 147, KO: 609 ± 84; D-AMPH, WT: 261 ± 71, KO:
257 ± 75; two-way repeated measure ANOVA: treatment P < 0.0001;
Fisher's LSD posttest: *P < 0.01, **P < 0.005. D. D-AMPH does not modify
α7 nAChR expression in the prefrontal cortex, striatum and hippocampus. Mice
were injected twice per day with saline or D-AMPH (2.0 mg/kg, i.p.) for 10
days. α7 nAChR expression was assessed by [3H]-MLA binding assay (10 nM) on
ice. Bars represent mean ± SEM.
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micromolar range (1–30 μM).
The potency differences between the hα7R and mα7R probably

arise from experimental designs. Sequence alignment shows high
homology between their binding domains (∼95% sequence identity)
and no difference among residues delineating the binding pocket.
Neuronal cultures offer the advantage of a native membrane and in-
tracellular environment, which are known to regulate the nAChR gating
mechanism (Hénault et al., 2015). Still, the drug delivery system used
in this study may induce transient drug dilutions that could affect the
results (Lopez-Hernandez et al., 2007). Conversely, while oocytes have
the disadvantage of an amphibian environment, they provide an ex-
cellent solution exchange system.

Our data strongly suggest that both AMPH enantiomers competi-
tively antagonize the α7 nAChR, based on D-AMPH competition results
obtained from the [3H]-MLA binding assay and electrophysiology. The
hallmark of a competitive mechanism is a surmountable interaction. An
insurmountable inhibition is usually concluded when the inhibitor
could not completely displace a radioligand in binding experiments or
when the maximal response produced by a high and saturating con-
centration of a ligand, in our case ACh, could not be achieved. In our
binding experiments, [3H]-MLA levels at the highest D-AMPH con-
centration reached nonspecific binding levels (6.5% of the specific
binding), agreeing with results obtained by Chipana et al. (2008).
However, the Ki estimated by Chipana was 876 μM, probably reflecting
the higher [3H]-MLA concentration (3 nM) that causes a larger
Cheng–Prusoff correction.

Following the results from binding experiments, our electro-
physiological experiments on primary cultures from the CA1 region
demonstrated that a maximal mα7R response could be achieved at the
highest ACh concentration (3mM). This ACh concentration produces a
maximal and saturated α7R response in a delivery system similar to
ours (Cólon-Saez and Yakel, 2011; personal communication). In con-
trast to the IC50 estimation, the D-AMPH-triggered hyperpolarizing
current does affect the normalized inhibition since it appears at the
same time as the mα7R response. We found that at 87 and 200 μM D-
AMPH, this hyperpolarizing current could at least accounts for 4% and
6% of the total net charge, respectively, causing an “apparent” inhibi-
tion of a larger magnitude. Taking that in consideration, the normalized
inhibition falls within less than 10% of the maximal response, an in-
hibition magnitude that has been observed for well-accepted nicotinic
and non-nicotinic competitive antagonists, such as α-conotoxin ImI and
losartan (Pereira et al., 1996; Vanderheyden et al., 1999).

Aiming to reveal the molecular interactions stabilizing D-AMPH
binding, the structural data of an α7/AChBP chimera was selected for in
silico docking analysis (Li et al., 2011). This chimera presents the
highest sequence identity to the α7 nAChR (∼64%) and provides the
structures for the Apo conformation at high resolution (3.1 Å). The
water molecule bridging nicotine to residues Leu104 and Leu116 was
included because of the high probability (92% of the time) of finding
this water in molecular dynamic simulations (Amiri et al., 2007). Au-
todock's effectiveness for analyzing nicotinic ligands has been demon-
strated by other groups on the AChBP (Brams et al., 2011; Gao et al.,
2003).

For D-AMPH, our results suggest that binding is stabilized by hy-
drogen bonding to the backbone carbonyl group of Ser144, possibly
involving a concurrent hydrogen bond with Tyr91's hydroxyl group,
and aromatic interactions with the key residues Trp145, Tyr 184, and
Tyr191 on the principal side. This implies that hydrogen bonding to
nAChR's secondary structure, along with the size of the groups attached
to the amine group, may play an important locating role in ligands
holding the classical nicotinic pharmacophore. This pharmacophore
includes a basic amine at certain distance from a hydrogen bond ac-
ceptor (Beers and Reich, 1970; Sheridan et al., 1986). But more im-
portantly, hydrogen bonding to Ser144 may explain D-AMPH's an-
tagonist effects. The hydrogen bond to Ser144 places D-AMPH in a
tightly packed location close to the “hinge” created by the Be and C-

loops. Steric hindrance at this location, possibly mediated through
contacts with the side chains of residues Trp145, Tyr184, and Tyr 192,
may prevent C-loop displacement toward the binding pocket, a shift
that has been associated with the transition into the open state (Law
et al., 2005; Unwin and Fujiyoshi, 2012). Conversely, the classical ni-
cotinic agonists nicotine and epibatidine form hydrogen bonds to
Trp145, locating these agonists far from the “hinge” and providing the
space to allow C-loop displacement (Celie et al., 2004; Li et al., 2011).
The hydrogen bonding preference of these agonists for Trp145 may
arise from the steric hindrance provided by the bulky amine groups.

We tested this hypothesis by analyzing a racemic mixture of the
chain-extended nicotinoid MPEA through electrophysiology and by
docking D-MPEA to the α7/AChBP chimera. Structurally, MPEA is
identical to AMPH except for the pyridine ring replacing AMPH's
phenyl group, making AMPH acquire the classical nicotinoid pharma-
cophore. Although the optimal interatomic distance between the amine
and the hydrogen bond acceptor in the classical nicotinic pharmaco-
phore is still controversial, the most stable D-MPEA conformation
(MM2 minimization: 7.91 kcal/mol; Chem3D 16.0, PerkinElmer
Informatics, Inc.) achieves an internitrogen distance of 4.2 Å, which is
in close agreement with nicotine's internitrogen distance (4.4 ± 0.1 Å)
obtained from Celie's study. Moreover, binding studies analyzing un-
branched aminoalkylpyridines similar to MPEA has shown that these
compounds bind with a high affinity to the α4β2 nAChR, in the low to
middle nanomolar range, and with moderate affinity to the α7 nAChR,
in the low micromolar range (De Kloe et al., 2010; Glennon and Dukat,
2000).

(± )-MPEA activates hα7R but with negligible efficacy, supporting
our hypothesis that nicotinic ligands capable of forming hydrogen
bonds with Ser144 are not effective in activating nAChRs. We ruled out
that lack of efficacy is related to the use of a racemic mixture because,
as mentioned above, primary amines display lower stereoselectivity on
nAChRs. This result also highlights that the classical nicotinoid phar-
macophore does not assure agonism on the nAChR, and other factors,
such as molecule rigidity and the size of the amine's substituents, should
be considered during drug design. Additional electrophysiological stu-
dies using aminoalkylpyridines need to be done to provide further
evidence about this hypothesis.

Interactions between METH and nAChRs has been associated with
physiological responses such as locomotion (Camarasa et al., 2009). In
rodents, nAChRs regulate locomotor responses, but previous studies
have been mainly focused on β2* nAChRs, which comprise the majority
of nicotine binding sites in the nigrostriatal and mesolimbic pathways
(Avale et al., 2008; Changeux, 2010; Drenan et al., 2010). Here, we
evaluated the role for the α7 nAChR in basal and D-AMPH-induced
locomotion.

We selected the use of the α7 nAChR KO mouse line over phar-
macological manipulation because, in contrast to in vitro and ex vivo
experiments, selective antagonism of the α7 nAChR is difficult to ac-
complish in in vivo settings. Toxins, such as α-bungarotoxin and α-
conotoxin ArIB, do not cross the blood–brain barrier (BBB) and require
challenging delivery methods. In the case of MLA, which crosses the
BBB, a study has shown that it also blocks α6β2-containing receptors in
the striatum, the main brain structure regulating D-AMPH locomotor
effects (Mogg et al., 2002; Sharp et al., 1987). The lower (Ki: ∼30 nM)
but close affinity to α7 nAChRs (Ki: ∼1.86 nM) may confound our re-
sults due to the uncertainty between drug dose and local brain con-
centration in molar units (Davies et al., 1999).

On the other hand, results from independent studies have provided
evidence supporting the use of α7 nAChR KO mice for studying the role
of this receptor on D-AMPH-induced locomotion. This mouse line shows
no changes in locomotion in the open-field paradigm and the rotarod
(motor coordination), paradigms that requires proper recruitment of
the striatum (Paylor et al., 1998; Salas et al., 2007). Our results also
agree with the absence of an α7 nAChR-mediated mechanism reg-
ulating basal locomotion or open field-related exploratory behavior.
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Overall, these results argue against drastic changes in the connectome
and physiological functioning of the striatum.

Another risk this mouse line could impose is a functional compen-
sation for the lack of α7 nAChR by other nAChR subtypes, as has been
observed in cultures (McGehee et al., 1995). However, this compensa-
tion probably cannot substitute the role of α7 nAChRs in neuronal
circuitries due to the higher conductance of α7 nAChR for Ca2+ ions in
comparison to other nAChR subtypes. Following this line, D-AMPH's
effects on neurons are Ca2+-sensitive, and the interchange of α7 nAChR
for another nAChR could disrupt the intracellular Ca2+ signaling re-
quired for triggering D-AMPH response (Gnegy et al., 2004). Aligning
with this hypothesis, our results displayed a significant reduction in D-
AMPH-induced locomotion with respect to the WT; thus, uncovering a
possible striatal mechanism that is involved when this brain area is
hijacked by D-AMPH.

nAChR upregulation is frequently considered one of the mechanisms
leading to nicotine addiction, and it has been suggested that it plays a
major role in nicotine locomotor sensitization (Baker et al., 2013).
Because D-AMPH also induces sensitization, we tested whether mα7R
upregulation is involved in D-AMPH-induced sensitization. In this
study, a well-established D-AMPH schedule for inducing sensitization
produces no upregulation, ruling out any role of α7 nAChR in AMPH
sensitization. Studies have shown that α7 nAChR activation and mRNA
synthesis are required for inducing upregulation, contrasting with the
pharmacological chaperoning mechanism associated with the β2*
nAChRs upregulation (Brown et al., 2013; Peng et al., 1997). This
agrees with the D-AMPH antagonist character found in the present
study.

The present study raises important questions about the physiolo-
gical consequences of the AMPH−α7 nAChR interaction. The first
question is whether this interaction indeed occurs in vivo.
Determination of the effective D-AMPH concentration molarity in the
brain interstitial space has been challenging for technical and physio-
logical reasons. Microdialysis has been employed, reporting values of
10 and 200 nM for 2 and 10mg/kg doses, respectively (Siciliano et al.,
2014). However, at the perfusion rate employed in this study (1 μl/
min), equilibrium is probably not attained and, because correction for
probe efficiency was not reported, is probable that these values are
underestimated (Chefer et al., 2009).

Traditionally, blood drug levels have been used as reference, but
with the limitation that transport across the BBB may restrain drug
access into the brain. METH readily crosses the BBB due to its size,
lipophilicity, and membrane translocation through the organic cation
transporter OCTN2 (Turowski and Kenny, 2015). METH also evades the
BBB efflux pump activity, making its translocation a one-way process
and probably causing a higher concentration in the brain. Using decay
parameters obtained from a pharmacokinetic study (Hutchaleelaha
et al., 1994), a serum D-AMPH concentration of ∼25 μM can be esti-
mated 2min after administration (7.5 mg/kg, i.v.). Because AMPH
blood concentrations can achieve micromolar levels at physiological
doses and AMPH probably accumulates in the brain, it is plausible that
the AMPH−mα7R interaction is an important component of behavioral
responses in animal models. Moreover, this interaction could exert a
more prominent role during chronic or schedules emulating “binge”
administration, which further increase BBB permeability to METH
(Turowski and Kenny, 2015).

In humans, pharmacokinetic and pharmacodynamic parameters
also suggest that the AMPH−hα7R interaction has physiological con-
sequences. AMPH bioavailability ranges between 70 and 100%, de-
pending on delivery route, and D-AMPH half-life is 10-fold longer in
humans than in rodents (∼10–11 h vs ∼50–70min, respectively),
producing a high and sustained blood concentration (Fuller et al., 1972;
Harris et al., 2003; United States Food and Drug Administration, 2017).
Blood samples from people detained by the police in Norway and Ca-
lifornia have reported AMPH and METH concentrations ranging
0.29–11.1 μM with medians of 3.82 and 2.0 μM, respectively

(Gustavsen et al., 2006; Melega et al., 2007). It has been estimated that
after a single METH dose of 0.26–1 g (typical recreational dose:
250–500mg) blood concentration reaches 7.5–28.8 μM, and by the
fourth intake during binge consumption, blood concentration reaches
17–80 μM (Tallóczy et al., 2008). Single-dose blood concentration le-
vels overlap with the IC50 range found in this study. Furthermore, the
concentrations during binge consumption are even higher, suggesting
the AMPH−hα7R interaction plays a relevant role in the disorders/
conditions associated with binging/chronic use.

5. Conclusion

Our results demonstrate that AMPH enantiomers competitively an-
tagonize α7 nAChRs with a potency that may have behavioral con-
sequences, as observed in the open field experiments. Furthermore, our
results also provide evidence that the classical nicotinoid pharmaco-
phore does not assure agonistic effects from a molecule. Translating our
results into an effective pharmacotherapy will require the identification
of which ATS interact with specific nAChR subtypes, the behavioral
domains that are affected by these interactions, and the possible ben-
efits of modulating these interactions with proper nAChR pharma-
cology. Following this idea, preclinical studies has shown that vareni-
cline (an α7 full agonist and partial agonist on β2-containing nAChRs)
reduces the positive subjective effect of smoked METH, increases ab-
stinence rates, but has no effect on the reinforcing properties in METH
addicts that were not looking for treatment at the beginning of the
studies (Brensilver et al., 2013; Verrico et al., 2014).
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