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ARTICLE INFO ABSTRACT

The activity of tricyclic antidepressants (TCAs) at a7 and a9al0 nicotinic acetylcholine receptors (AChRs) as
well as at hippocampal a7-containing (i.e., a7*) AChRs is determined by using Ca®>* influx and electro-
physiological recordings. To determine the inhibitory mechanisms, additional functional tests and molecular
docking experiments are performed. The results established that TCAs (a) inhibit Ca?™" influx in GH3-a7 cells
with the following potency (ICso in uM) rank: amitriptyline (2.7 = 0.3) > doxepin (5.9 = 1.1) ~ imipramine
(6.6 = 1.0). Interestingly, imipramine inhibits hippocampal a7* AChRs (42.2 *= 8.5uM) in a noncompetitive
and voltage-dependent manner, whereas it inhibits a9a10 AChRs (0.53 = 0.05uM) in a competitive and vol-
tage-independent manner, and (b) inhibit [*H]imipramine binding to resting a7 AChRs with the following af-
finity rank (ICso in pM): imipramine (1.6 * 0.2) > amitriptyline (2.4 = 0.3) > doxepin (4.9 * 0.6), whereas
imipramine’s affinity was no significantly different to that for the desensitized state. The molecular docking and
functional results support the notion that imipramine noncompetitively inhibits a7 AChRs by interacting with
two overlapping luminal sites, whereas it competitively inhibits a9a10 AChRs by interacting with the orthos-
teric sites. Collectively our data indicate that TCAs inhibit a7, a9a10, and hippocampal a7* AChRs at clinically
relevant concentrations and by different mechanisms of action.
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1. Introduction be mediated, at least partially, through inhibition of excessive neuronal

AChR activity.

The evidence showing a higher rate of smokers in depressed patients
than in the general population supports the involvement of nicotinic
acetylcholine receptors (AChRs) in depressive disorders (Mineur and
Picciotto, 2010). In addition, chronic stress not only declines cognition
in rodents but also increases the sensitivity of hippocampal neurons to
cholinergic neurotransmission (Mizoguchi et al., 2001). This effect fits
very well with the hypercholinergic hypothesis of depression, stating
that an increased sensitivity of the cholinergic system over the nora-
drenergic system may develop in depressed mood states (Shytle et al.,
2002; Mineur and Picciotto, 2010; Arias et al., 2014). In this regard, it is
hypothesized that the therapeutic action of many antidepressants might

Alpha7-containing AChRs (i.e., a7* AChRs) are widely expressed in
the brain, including the hippocampus, where they play important roles
in memory mechanisms and in Alzheimer’s disease and schizophrenia
(Wallace and Porter, 2011). Nevertheless, the role of hippocampal a7*
AChRs in stress, depression, and anxiety, is less known. On the other
hand, a9a10 AChRs are expressed in outer hair cells where they reg-
ulate the fine tuning and high sensitivity of the mammalian inner ear
and the efferent medial olivocochlear-hair cell synapse (Elgoyhen and
Katz, 2012; Goutman et al., 2015). There is a large body of evidence
indicating that a9 and a10 subunits are expressed in peripheral tissues
and cells, including adrenal and pituitary glands (Mohammadi et al.,
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ICs, ligand concentration that produces 50% inhibition (of binding or of agonist activation); K;, inhibition constant; Kg, dissociation constant; ng, hill coefficient; ECso, agonist
concentration that produces 50% AChR activation; RMSD, root mean square deviation; DMEM, Dulbecco’s modified eagle medium; BSA, bovine serum albumin; MD, molecular dynamics;
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2017), bone marrow, skin, sperm, and several immune cells (St-Pierre
et al., 2016; Peng et al., 2004; Grando, 2006; Kumar and Meizel, 2005),
but consistently not in the brain (Morley et al., 2018), in spite of the
fact that a recent paper has described that these subunits are expressed
in the CNS (Lykhmus et al., 2017). Since neuropathic pain was pre-
vented by decreasing the activity of a9al0 AChRs (by using either
knockout mice or selective antagonists), it has been considered that this
receptor subtype is involved in pain-related mechanisms (McIntosh
et al., 2009; Romero et al., 2017). Although the role of a9a10 AChRs in
depression has not been proved, the anti-inflammatory activity elicited
by several a9al10 AChR antagonists (McIntosh et al., 2009; Romero
et al., 2017) could be considered a first step on this direction, especially
considering a direct correlation between depression and inflammation
(Christmas et al., 2011).

Tricyclic antidepressants (TCAs), a class of structurally related
compounds that have been widely used for the treatment of depressive
and anxiety mood disorders, inhibit different AChR subtypes (Arias
et al.,, 2010b, 2010c; Feuerbach et al., 2005; Gumilar et al., 2003;
Lépez-Valdés et al., 2002; Lépez-Valdés and Garcia-Colunga, 2001).
However, the functional activity of TCAs at a7 and a9al0 AChRs and
thus, their potential role in depression and pain has not been fully
characterized. In this regard, a better understanding of the interaction
of the most widely used TCAs (i.e., imipramine, amitriptyline, and
doxepin) (Fig. 1) with the a7 and a9a10 AChR subtypes as well as with
hippocampal a7* AChRs, may clarify possible roles for these receptors
as targets for the therapeutic action of these antidepressants. To further
characterize the molecular interactions of TCAs with these AChRs, ad-
ditional voltage-dependence and functional competition experiments,
radioligand competition binding assays with a7 AChRs in different
conformational states, molecular docking and molecular dynamics
studies at a7 and a9a10 AChRs were performed.

2. Material and methods
2.1. Materials

[3H]Imipramine (47.5 Ci/mmol) was obtained from PerkinElmer
Life Sciences Products, Inc. (Boston, MA, USA) and [3H]methyllycac0—
nitine (100 Ci/mmol) was purchased from American Radiolabeled
Chemicals Inc. (Saint Louis, MO, USA), and stored in ethanol at —20 °C.
(-)-Nicotine tartrate, ( + )-epibatidine hydrochloride, imipramine hy-
drochloride, amitriptyline hydrochloride, doxepin hydrochloride,

Amitriptyline Doxepin

Imipramine
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probenecid, polyethylenimine, acetylcholine chloride (ACh), choline
chloride (Ch), bovine serum albumin (BSA), BAPTA-AM, and methyl-
lycaconitine citrate hydrate (MLA) were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). Fluo-4 was purchased from
Molecular Probes (Eugene, Oregon, USA). a-Bungarotoxin (a-BTx) was
obtained from Invitrogen Co. (Carlsbad, CA,USA). Salts were of analy-
tical grade.

2.2. Ca®* influx measurements in GH3-ha?7 cells

Ca?* influx was determined as previously described (Arias et al.,
2010a; Vazquez-Gémez et al., 2014). Briefly, 5 x 10* GH3-ha7 cells
per well were seeded 72h prior to the experiment on black 96-well
plates (Costar, New York, USA) and incubated at 37 °C in a humidified
atmosphere (5% CO,/95% air). 16-24h before the experiment, the
medium was changed to 1% BSA in Hepes-buffered salt solution (HBSS)
containing (in mM): 130 NaCl, 5.4 KCl, 2 CaCl,, 0.8 MgSO,4, 0.9
NaH,PO,, 25 glucose, 20 Hepes, pH 7.4. On the day of the experiment,
the medium was removed by flicking the plates and replaced with
100 uL. HBSS/1% BSA containing 2mM Fluo-4 in the presence of
2.5 mM probenecid. The cells were then incubated at 37 °C in a humi-
dified atmosphere (5% CO,/95% air) for 1h. Plates were flicked to
remove excess of Fluo-4, washed twice with HBSS/1% BSA, and finally
refilled with 100 pL of HBSS containing different concentrations of the
TCA under study, and pre-incubated for 5 min. Plates were then placed
in the cell plate stage of the fluorescent imaging plate reader (Molecular
Devices, Sunnyvale, CA, USA). A baseline consisting of 5 measurements
of 0.4 s each was recorded. ( = )-Epibatidine (0.1 uM) was then added
from the agonist plate to the cell plate using the 96-tip pipettor si-
multaneously to fluorescence recordings for a total length of 3 min. The
laser excitation and emission wavelengths are 488 and 510 nm, at 1 W,
and a CCD camera opening of 0.4s.

2.3. Whole-cell patch-clamp recordings of brain slices

Brain slices were prepared as previously described (Vazquez-Gomez
et al., 2014). Whole-cell voltage-clamp recording of interneurons from
the stratum radiatum hippocampal CA1 area were performed with a PC-
ONE Patch/Whole Cell Clamp (Dagan Corporation, MN, USA) using a
Digidata 1440 A acquisition system driven with pClamp 10 (Molecular
Devices, CA, USA). Patch-clamp electrodes had a resistance of 3-7 MQ
when filled with the solution (in mM): 140 KCl, 10 Hepes, 2 MgCl,, 0.5

Fig. 1. Molecular structure of TCAs. The upper panel
shows amitriptyline, doxepin, and imipramine viewed
parallel to their tricyclic moiety, while the lower panel is a
90° rotation view from the former. Color scheme for atoms
and surfaces: carbons (gray), nitrogens (blue), oxygens
(red), and hydrogen (white) (For interpretation of the re-
ferences to colour in this figure legend, the reader is re-
ferred to the web version of this article).
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Fig. 2. Effect of TCAs on ( % )-epibatidine-induced Ca®* influx in GH3-ha7
cells. (A) The increase in intracellular calcium elicited by 0.1 uM ( * )-epiba-
tidine (M) was decreased by 10 uM imipramine (A). (B) Increased concentra-
tions of ( *)-epibatidine (M) activate ha7 AChRs with potency
ECso = 52 = 4nM (n = 4). Subsequently, cells were pre-treated with several
concentrations of amitriptyline (O), imipramine (A), and doxepin (@), fol-
lowed by addition of 0.1 pM ( * )-epibatidine. Response was normalized to the
maximal ( + )-epibatidine response which was set as 100%. The plots are re-
presentative of 4-6 determinations, where the error bars are S.D. The calculated
ICs and ny values were summarized in Table 1.

CaCl,, 10 EGTA, 2 MgATP, pH 7.4. Data were acquired in a PC using a
Digidata 1440 A AD converter at a sampling rate of 10 kHz.

To determine the effect of imipramine on hippocampal a7* AChRs,
10mM choline (Ch) puffs (2-5psi, 500 ms) were applied on inter-
neurons through a fine tip glass micropipette placed ~10 pm from the
recorded cell by using a picopump (PV830, WPI, FL, USA). Ch-puffs
were applied every 5 min, before (basal condition), during imipramine
was added to the bath solution (~10min), and after washing (5 min)
(recovery condition). The Ch-induced current amplitude was measured
as a function of recording time. The concentration-response relation-
ship was fitted using the Prism software (GraphPad Software, San
Diego, CA). The inhibitory potency (ICs,) for imipramine was obtained
by using the Hill equation (Weiss, 1997). To determine whether imi-
pramine-induced inhibition is voltage-dependent or not, the inter-
neurons were maintained at a potential of -70 or —20 mV.

2.4. Voltage clamp recordings on oocytes expressing a9al10 AChRs

Rat a9 and al0subunits were expressed in Xenopus oocytes as
previously described (Ballestero et al., 2005). Electrophysiological re-
cordings were performed at —70 mV using two-electrode voltage-clamp
(Ballestero et al., 2005; Elgoyhen et al., 2001). Oocytes were pre-in-
cubated for 2 min with imipramine before adding acetylcholine (ACh)
and imipramine. The average peak amplitude of three control ACh re-
sponses just before the exposure to imipramine was used to normalize
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the amplitude of each test response in the presence of the drug. To
determine the mechanism of inhibition of imipramine, two approaches
were used: (1) current-voltage (I-V) relationships were obtained by
applying 2-s voltage ramps from -120 to 50 mV, 10s after the peak
response to 10 uM ACh from a holding potential (Vyo1q) of —70 mV.
Leakage correction was performed by subtraction of the I-V curve ob-
tained before the application of ACh, and (2) the ECs, values for ACh
were obtained in the absence and presence of 0.6 uM imipramine.

2.5. Radioligand competition binding experiments using ha7 AChRs in
different conformational states

To determine the binding affinity of TCAs (Fig. 1) for ha7 AChRs in
different conformational states, [*H]imipramine competition binding
experiments were performed using SHSY5Y-ha7 cell membranes pre-
pared as described previously (Arias et al., 2010a). In this regard, ha7
AChR-containing membranes (1.5 mg/mL) were incubated (2h) with
15 nM [*H]imipramine in the presence of 0.1 uM a-BTx [receptors are
mainly in the resting state (Moore and McCarthy, 1995)] or 1 uM
(-)-nicotine (receptors are mainly in the desensitized state). To de-
termine whether imipramine interacts with the agonist sites, additional
[P*HIMLA competition experiments were performed using 5.2nM [°H]
MLA in the absence of any other ligand by following the same proce-
dure. Nonspecific binding was determined in the presence of 200 uM
imipramine and 10 uM MLA, respectively. The radioactivity was de-
termined as previously described (Arias et al., 2010a). The ICsq value
for imipramine obtained from the [PH]JMLA competition experiments
was transformed into its inhibition constant (K;) using the Cheng—-
Prusoff relationship (Cheng and Prusoff, 1973) and KMA = 1.86nM
(Davies et al., 1999).

2.6. Molecular docking and molecular dynamics simulations

The a7 and (a9),(a10); AChRs were first built using the X-ray
structure (PDB ID: 5KX) of the human a4f32 AChR at 3.9 A resolution
(Morales-Perez et al., 2016). Imipramine in the protonated state (i.e.,
protonated at physiological pH) was modeled using VEGA ZZ and
subsequently docked at the ha7 and ha9al0 AChRs using AutoDock
Vina. Protocols for minimization, partial charge calculations and
docking were carried out as previously described (Arias et al., 2016).

To determine the stability of each pose within its predicted docking
site, 20-ns molecular dynamics (MD) simulations were performed as
previously described (Arias et al., 2016), using NAMD and CHARMM
force field, and VEGA ZZ as interface. Poses with variance (VAR)
RMSD < 1 during the last third of the MD were used.

2.7. Calculation of the theoretical binding energies

Theoretical binding energies (TBE), measured from the individual
poses at the end of the MD, were calculated using molecular mechanics
(Tirado-Rives and Jorgensen, 2006). The TBE values are estimations
used only for comparative purposes among receptors and its respective
sites, and do not intend to represent absolute binding energies. More
negative TBE values indicate higher theoretical binding affinities
(TBA).

3. Results
3.1. Inhibitory potency of TCAs at ha7 AChRs

Pre-incubation with each TCA subsequently inhibited the observed
( * )-epibatidine-induced ha7 AChR activation with high effectiveness.
Fig. 2A shows the fluorescence traces produced by 0.1 uM ( * )-epi-
batidine, which were practically 100% inhibited by 10 pM imipramine.
The concentration-response curve analyses (Fig. 2B) gave inhibitory
potencies (ICso in pM) that follow the rank order: amitriptyline
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Table 1
Inhibitory potency (ICso) of TCAs at a7, a9a10, and hippocampal a7*AChRs.
AChR subtype Method TCA 1Cs0, UM Ny
a7’ Ca®* influx on Amitriptyline 2.7 * 0.3 2.00 = 0.69
GH3-ha?7 cells Doxepin 59 = 1.1 2.28 = 0.52
Imipramine 6.6 = 1.0 2.01 = 0.44
Hippocampal Voltage-clamp Imipramine 422 = 85 1.20 = 0.27
a7* on hippocampal
AChRs” CAl
interneurons
a9al0° Voltage-clamp Imipramine 0.54 = 0.05 0.70 = 0.05
on oocytes

expressing a9
and a10 subunits

ny, Hill coefficient.
2 Values were obtained from Figures 2B?, 3B®, and 4B, respectively.
b Values were obtained from Figures 2B%, 3B®, and 4B, respectively.
¢ Values were obtained from Figures 2B?, 3B, and 4B¢, respectively.

(2.7 £ 0.3) > doxepin (5.9 = 1.1) ~ imipramine (6.6 = 1.0)
(Table 1). The result showing that the ny values are higher than unity
(Table 1) indicated that the inhibitory process is mediated by a co-
operative mechanism.

3.2. Imipramine inhibits rat hippocampal a7*AChRs in a voltage-dependent
manner

The electrical activity of native a7* AChRs was first recorded by
applying local puffs of 10 mM Ch, a selective a7-agonist (Liu et al.,
2012), at 5-min intervals, onto interneurons from the rat stratum ra-
diatum hippocampal CA1 area (Fig. 3A). The activity of imipramine was
determined on Ch-induced current amplitudes as a function of re-
cording time before and during imipramine application (10 min) and
after washing (5min) (i.e., recovery) (Fig. 3A). The concentration-re-
sponse curve (Fig. 3B) gave the following values:
ICso = 42.2 + 8.5uM and ny near unity (Table 1), where the latter
value indicates a non-cooperative mechanism of inhibition.

The membrane potential dependence was determined on hippo-
campal a7* AChRs, by comparing the inhibition elicited by 50 uM
imipramine on Ch-induced currents between —70 and —20mV
(Fig. 3C). At —70mV, the Ich 4+ 1mi/Ich ratio was 0.46 = 0.03, whereas
at —20mV, this ratio was 0.84 + 0.12. These inhibitory values were
statistically different, being stronger at -70 than at —20 mV (Student’s
t-test, p < 0.05), indicating that the imipramine-induced inhibition
depends on the membrane potential.

3.3. Imipramine inhibits ra9al10 AChRs in a voltage-independent and
competitive manner

Imipramine inhibited ACh (10 uM)-evoked ra9a10 AChR activity in
a concentration-dependent manner (Figs. 4A,B), giving an ICs value of
0.54 = 0.05uM (Table 1). The observed ny value close to unity
(Table 1) indicated that the inhibitory process is mediated by a non-
cooperative mechanism.

To study further the inhibitory mechanism of imipramine, two ap-
proaches were used. First, the inhibitory activity of 1 uM imipramine
was determined at different membrane potentials, as shown in the re-
presentative I/V curves (Fig. 4C). The responses were equally inhibited
(p = 0.1) at both negative (—90 mV) (I/Iax: 50 * 4.1%) and positive
( + 40 mV) potentials (60 = 3.5%), indicating that the imipramine-
induced inhibition was voltage-independent. Secondly, the activity of
increasing concentrations of ACh was determined in the absence and
presence of 0.6 pM imipramine, corresponding to its ICso value
(Fig. 4D). The competition curves showed that imipramine produced a
parallel rightward shift of ACh-evoked responses. A significant increase
of the ACh ECs, value (17.6 + 1.5puM) was observed in the presence of
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Fig. 3. Inhibitory effect of imipramine on choline (Ch)-induced currents at
hippocampal CA1l interneurons. (A) Representative Ch-induced currents in-
hibited by imipramine. Choline puffs (2-5 psi, 500 ms) were applied at 5-min
intervals before (Ctr) and during the application of 50 uM imipramine (Imi)
(10 min), and after washing (5 min) [i.e., recovery (rec)]. The holding potential
of the interneurons was —70mV. (B) Concentration-response curve
(mean * SD) for the inhibitory activity of imipramine on hippocampal inter-
neurons (n = 4-5). The calculated ICso, and ny values were summarized in
Table 1. (C) Voltage dependence of imipramine inhibitory effects at hippo-
campal interneurons (n = 4). The columns (mean *+ SD) represent the ratio
Ich+mi / Icnh at the holding potential of -20 and —70 mV, respectively. The
asterisk indicates significant statistical difference (Student’s t-test; p < 0.05).

imipramine (36.1 * 2.7 uM) (p = 0.0001), with no changes in agonist
maximal responses and ny values (Table 2), supporting a competitive
mechanism of inhibition.
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Fig. 4. Effect of imipramine on acetylcholine (ACh)-evoked activity at ra9al10
AChRs expressed in X. oocytes. (A) Responses of ra9al0 AChRs elicited by
10 uM AChare diminished by increasing concentrations of imipramine. (B).
Inhibition curve performed by the co-application of 10 uM ACh and increasing
concentrations of imipramine (n = 7). Responses (mean *= SEM) were nor-
malized to that elicited by 10 uM ACh (its ECs, value) which was set as 100%.
The calculated ICso and ny values were summarized in Table 1. (C) Current-
voltage relationships (n = 4) were obtained by applying 2-s voltage ramps from
-120 to + 50mV, 10s after the peak response to 10 uM ACh from a holding
potential (Vio1q) of —70mV, in the presence and absence of 1 M imipramine.
No statistical difference was obtained (Student’s t-test; p = 0.1). (D) Con-
centration-response curves for ACh in the absence (@) and presence (A) of
0.6 UM imipramine (n = 6). Responses (mean * SEM) were normalized to that
elicited by 10 pM ACh which was set as 100%. The ECsq values for ACh in the
absence and presence of imipramine were summarized in Table 2. A statistical
difference was obtained (p = 0.0022).

Table 2
Potency of ACh (ECsp) in the absence and presence of imipramine at the
a9a10AChR.

ACh ECso (M) Ny
No imipramine 176 = 1.5 0.96 = 0.04
0.6 uM imipramine 36.1 = 2.7 0.86 = 0.06

Values obtained from Fig. 4D.

3.4. Interaction of TCAs with the imipramine and agonist binding sites at the
ha7 AChR

To compare the binding affinity of TCAs for ha7 AChRs in different
conformational states, the activity of imipramine on [®H]imipramine
binding to ha7 AChRs was determined in the resting and desensitized
states (Fig. 5A). TCAs inhibited 100% [3H]imipramine binding to ha7
AChRs in different conformational states (Figs. 5A,B). The ICs value (in
uM) for imipramine at resting a7 AChRs (1.6 * 0.2) is not statistically
different from that obtained in the desensitized state (1.9 + 0.3)
(p > 0.05) (Table 3). Thus, the ICsq values for amitriptyline and dox-
epin were determined using ha7 AChRs in the resting state. Comparing
the ICso values in the resting state (Table 3), the following rank se-
quence was obtained: imipramine (1.6 * 0.2) > amitriptyline
(2.4 £ 0.3) > doxepin (4.9 = 0.6). The ny values are lower than
unity, but higher than 0.5 (Table 3), supporting a non-cooperative
mechanism of inhibition.

The [PHIMLA competition binding experiments indicated that al-
though imipramine binds to the agonist sites, its affinity is 44-fold
lower than that for the [3H]imipramine sites (Fig. 5C; Table 3). The
calculated ny value is close to unity (Table 3), indicating that the TCAs
inhibit [*H]MLA binding in a non-cooperative manner.

3.5. Molecular docking of imipramine to the ha7 and ha9al10 AChRs

In the ha7 model, three stable poses for imipramine were found by
molecular docking, located at two partially overlapping luminal sites
and one extracellular-transmembrane (ECD-TMD) junctional site
(Fig. 6A). In the h(a9),(a10); model, imipramine interacted with the
orthosteric and luminal sites (Fig. 7). The residues interacting with
imipramine at each docking site, as well as the average RMSD (i.e.,
measures the deviation of the pose from the original docking position)
and variance (VAR) (i.e., indicates the stability of the pose within its
final location) values (Fig. S1A; Supplementary Material), and the TBE
estimations, are summarized in Tables 4(for a7) and 5 (for a9al0),
respectively.

In the ha7 model, the orientation 1 is close to the cytoplasmic side
of the ion channel, located between the serine (2’) and leucine (9) rings
(Fig. 6B). Imipramine made contacts with M2 residues, including $241
(27), 1244 (5%), T245 (6; threonine ring), and L248 (9’) and forms two
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Fig. 5. Interaction of TCAs to the agonist and noncompetitive binding sites at
the ha7 AChR. (A) The interaction of TCAs with the noncompetitive sites was
determined by [*H]imipramine competition binding assays using ha7 AChRs in
different conformational states. ha7 AChR-containing SH-SY5Y membranes
(1.5 mg/mL) were equilibrated (2h) with 15nM [3H]imipramine in the pre-
sence of 0.1 pM a-BTx [a-BTx-bound/resting state ((])] or 1.0 M (-)-nicotine
[nicotine-bound/desensitized state (O)], and increasing concentrations of imi-
pramine. (B) [*H]Imipramine competition binding experiments for amitripty-
line (O) and doxepin (@) in the absence of any ligand (receptors are mainly in
the resting state). Nonspecific binding was determined at 200 uM imipramine.
(C) The interaction of imipramine with the agonist binding sites was de-
termined by [PHIMLA competition binding assays. Nonspecific binding was
determined at 10 pM MLA. (A-C) Each plot is the combination of 2-3 separated
experiments each one performed in triplicate. The ICs, and ny values were
obtained by nonlinear least-squares fit. The imipramine ICs, value for the [?H]
MLA sites was transformed to its K; value. The ICsq, K;, and ny values were
summarized in Table 3.

H-bonds with the side and main chains O of one of the T245 residues. In
orientation 2, imipramine interacted with M2 residues between the
leucine and valine (13’) rings, including L248 (9’), S249 (10", T251
(129, V252 (13"), and F252 (14’) (Fig. 6C). In the ECD-TMD junction
site, imipramine interacted with ECD residues belonging to the (36-B7
loop (i.e., F135, P136 and F137), as well as with residues from the M1
(i.e., L216, C219, and V220), M3 (i.e., L270, 1271 and Y274), and M4
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(i.e., T461, 1464, and L465) segments (Fig. 6D). Imipramine is stabi-
lized by intra- and inter-molecular cation-r interactions between the
charged amino nitrogen of the ligand side chain, and one of the aro-
matic rings of its tricycle moiety, and with the Y274 aromatic side
chain, respectively.

In the orthosteric site from the ha9al0 model, imipramine is lo-
cated at the interface between the a10(+) or principal component and
a9(-) or complementary component, as in the case of agonists and
competitive antagonists (Arias, 2012). This interaction involved several
al0 residues, including Y95 (34-B5 loop), W151 (B7-38 loop), Y192
and G193 (H-bonds), C195 (39-$10 loop), and Y199 (10 sheet; s-x
interactions), as well as a9 residues, comprising R59 (H-bond) and W57
(cation-it and H-bond interactions) (2 sheet), R81 (33 sheet; H-bond),
V111 (B5 sheet), D121 (H-bond) and T119 (36 sheet), and S170 and
D171 (38-B9 loop; both form H-bonds) (Fig. 7B,C; Table 5). The luminal
site for imipramine, located between positions 5" and 13" (Fig. 7 A), is
formed by M2 residues from both a9 and al0 subunits, including V248
(57, T249 (67, L252 (9"), A253 (10"), and V256 (13"), as well as with
a9-T255 (12’) (Table 5).

4. Discussion

In this study, the inhibitory activity of TCAs was compared between
ha7, ra9al0, and hippocampal a7* AChRs by using a combination of
Ca®™ influx and voltage clamp recordings. To determine the mechanism
(s) of inhibition of imipramine at these AChRs, additional functional
and structural studies were performed.

The Ca®™ influx results indicated that TCAs inhibit ( + )-epibati-
dine-activated ha7 AChRs with potencies (ICsos in pM) that follow the
rank order: amitriptyline (2.7 * 0.3) > doxepin (5.9 = 1.1) ~ imi-
pramine (6.6 = 1.0). The activity for imipramine as well as the ob-
served sequence is practically the same as that obtained for other AChR
subtypes (Arias et al., 2010b, 2010c; Feuerbach et al., 2005; Gumilar
et al.,, 2003; Loépez-Valdés et al., 2002; Loépez-Valdés and Garcia-
Colunga, 2001). This suggests that the inhibitory potency of each TCA
depends mainly on its molecular structure and less on the physico-
chemical properties of the binding sites at each nAChR subtype.

Interestingly, the voltage-clamp results showed that imipramine
inhibits Ch-evoked currents from hippocampal interneurons in a vol-
tage-dependent manner. Since Ch is a selective a7-agonist (Liu et al.,
2012), the observed inhibitory activity of imipramine is ascribed to
hippocampal a7* AChRs. These results are in agreement with previous
works showing that the imipramine- and clomipramine-induced in-
hibition of a2B4 and muscle-type AChRs is voltage-dependent (Lopez-
Valdés et al., 2002; Lépez-Valdés and Garcia-Colunga, 2001).

The results on rat hippocampal a7* nAChRs showed that imipra-
mine inhibits endogenous receptors with relatively low potency
(42.2 £ 85uM), and by a non-cooperative mechanism
(ng = 1.20 * 0.27). Based on intrinsic differences in the used methods
{drug potency is usually decreased in a tissue slice [e.g., see (Arias
et al., 2017)] compared to Ca2" influx assays using GH3-ha?7 cells} and
receptor species (rat vs human a7 AChRs), a direct comparison between
the calculated potencies cannot be done. Nevertheless, the cooperative
interaction of imipramine at ha7 nAChRs (ng = 2.01 * 0.44) might
suggest several binding sites, as observed in our docking results (see
below), whereas the interaction to endogenous rat a7* nAChRs (in-
cluding a732 nAChRs) could be mediated by a single site.

The rat brain concentration of imipramine after chronic treatment
(i.e., daily i.p. injection of 10 mg/kg imipramine for 14 days) reaches
values as high as ~25uM (Daniel et al., 1981). Considering that the
tissue distribution and pharmacokinetics properties of imipramine in
rodents are very similar to that in humans, the determined brain con-
centration of this antidepressant will be enough to decrease, at least
partially, the activity of hippocampal a7* AChRs. A possible implica-
tion of imipramine-induced inhibition of a7* AChRs in stratum radiatum
interneurons is a decrease of GABA release and consequently a
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Table 3
Binding affinity of TCAs for the agonist and noncompetitive antagonist binding sites at the ha7 AChR.
TCA [*H]Imipramine® [*HIMLA
Resting state (a-BTx-bound state) Desensitized state(Nicotine-bound state) No ligand
ICs0, UM nyg ICs0, M Ny Ki, uM Ny
Imipramine 1.6 = 0.2 0.73 = 0.05 1.9 = 0.3 0.68 = 0.06 70 + 4° 1.20 + 0.08
Amitriptyline 24 + 03 0.70 = 0.06 - - - -
Doxepin 4.9 + 0.6 0.64 = 0.05 - - - -

ny, Hill coefficient.

? The ICsq values were obtained from Fig. 5A (imipramine) and Fig. 5B (amitriptyline and doxepin), respectively.

> The K; value for imipramine was obtained from Fig. 5C.

disinhibition of CA1 pyramidal neurons. Accordingly, imipramine may
alter the inhibitory mechanisms that control the activity of these in-
terneurons, considered fundamental in maintaining neuronal circuit
oscillations, which seem to be disrupted during depression
(Chamberland and Topolnik, 2012). Nevertheless, based on results
showing that agonist-induced a7 AChR activation, but not inhibition,
decreases inflammation, an alternative hypothesis has been developed
where a7 agonist-decreased inflammation might alleviate psychiatric
disorders such as depression (Kalkman and Feuerbach, 2016). This
concept is reinforced by additional studies indicating that positive al-
losteric modulators that potentiate, but not desensitize, a7 AChR
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function have both anti-inflammatory (Bagdas et al., 2015) and anti-
depressant-like (Arias et al., 2015) activity.

The results from the [*H]imipramine competition binding experi-
ments indicated that TCAs do not discriminate between the desensitized
and resting ha7 AChRs. These studies also showed that their affinities
for the resting ha7 AChR follow the rank order: imipramine >
amitriptyline > doxepin. The same trend was observed for the Torpedo
(Gumilar et al., 2003), ha4B2 (Arias et al., 2010b), and ha3p4 (Arias
et al., 2010c) AChRs. The different rank order between binding affi-
nities and inhibitory potencies could be explained considering that al-
though imipramine binds with relatively higher affinity to its site(s) at

Fig. 6. Docking sites for protonated imipra-
mine at the a7 AChR model. (A) Imipramine
(as molecular surface) interacted with two
partially overlapping luminal sites, one located
between the serine (2) and leucine (9’) rings
[orientation 1 (blue)], and another located
between the leucine and valine (13") rings
[orientation 2 (green)]. Imipramine also inter-
acted with a non-luminal site located within
the ECD-TMD junction [ECD-TMD site (or-
ange)]. (B) In orientation 1, imipramine (as
ball and sticks) interacted with S241 (2"), T245
(6’; threonine ring) with which establishes two
H-bonds, 1244 (5", and L248 (9"). Light blue
lines represent H-bonds. (C) In orientation 2,
imipramine interacted with 1248 (97), S249
(109, T251 (12%), V252 (13", and F252 (14").
(D) In this ECD-TMD site, imipramine (as ball
and sticks surrounded by its molecular surface)
interacted with residues belonging to the 36-37
loop (in blue; i.e., F135, P136 and F137), M1
(i.e., L216, C219, and V220), M3 (i.e., L270,
1271 and Y274), and M4 (i.e., T461, 1464, and
L465). The red dotted lines indicate a cation-m
interaction between the side chain of the
charged amino nitrogen of imipramine and the
Y274 aromatic side chain, and also with one of
the aromatic rings of imipramine itself. The
residues involved in the binding (as sticks)
(listed in Table 4) are labeled by using the one
letter code and amino acid sequence number.
Color scheme for atoms: carbons (green for
imipramine, black for receptor residues), ni-
1 Q trogens (blue), oxygens (red), sulphur (yellow),
i = and hydrogen (white). (For interpretation of
the references to colour in this figure legend,
the reader is referred to the web version of this
article).
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Fig. 7. Docking sites for protonated imipra-
mine at the h(a9),(a10); AChR model. (A)
Imipramine (as molecular surface) interacted
with the orthosteric sites (blue) and a luminal
site (green). One a10 subunit was omitted for
clarity. The orthosteric site (blue) comprises
the principal component (+), formed by al0
residues (white), and the complementary
component (-) formed by a9 residues (black).
Characteristic secondary structures are differ-
entially colored for identification: al0:
P4 sheet (red), p4-B5 loop (dark green), 5
sheet (yellow), B7 sheet (blue), 37-38 loop
(light green), B8 sheet (cyan), 9 sheet (dark
magenta), (9-$10 loop (orange), P10 sheet
(purple); a9: 31 sheet (pink), 2 sheet (brown),
B3 sheet (light pink), B5 sheet (yellow), (6
sheet (dark red), 38 sheet (cyan), $8-B9 loop
(light brown), 39 sheet (dark magenta). The
luminal site (green) is located between the
threonine (6”) and valine (13") rings. The in-
volved residues are listed in Table 5. (B) De-
tailed view of protonated imipramine (as ball
and sticks and carbons in green) interacting
with the orthosteric site. The network of H-
bonds between the protonated N of imipramine
and Y192, G193, R59, W57; S170 and D171, is
shown as yellow lines. The purple lines indicate
cation-n interactions between both rings of
W57 and the protonated N of imipramine. (C)
A different view of the orthosteric site allows
us to see the m-it interaction (red line) between
Y199 and one of the aromatic rings of imipra-
mine. (For interpretation of the references to
colour in this figure legend, the reader is re-
ferred to the web version of this article).

Table 4
Docking parameters for imipramine interacting with the ha7 model.
Site TBE" (kcal/mol) RMSD” (VAR) Domain Subdomain Residue (type of interaction) M2 position (ring)
ECD-TMD —47 0.708 (0.006) ECD p6-B7 loop W134
F135
F137
TMD M1 L216
C219
V220
M3 L270
1271
Y274(cation-m)
M4 T461
1464
L465
Luminal orientation 1 —40 0.557 (0.010) Ion channel M2 S241 2’ (serine)
1244 5’
T245 (H-bond) 6’(threonine)
1248 9’ (leucine)
Luminal orientation 2 —40 1.872 (0.003) Ton channel M2 1248 9’(leucine)
S$249 10’
T251 12
V252 13’(valine)
F253 14

? The more negative the TBE (theoretical binding energy) values, the higher the theoretical binding affinities (TBA).
b RMSD values and their variance (VAR) were calculated during the last third of the MD simulations (see Supplementary Material).
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Table 5
Docking parameters for imipramine interacting with the ha9a10 model.
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Site TBE"(kcal/mol) RMSD" (VAR) Domain Subdomain Subunit Residue (type of interaction)” Position‘(ring)
Orthosteric -73 0.63 (0.001) ECD 4-B5 loop al0 Y95 +
B7-8 loop w151 +
(9-10 loop Y192 (HB)(H—bond)
G193 (HB) (H—bond)
C195 +
10 Sheet Y199 (11-11) +
B1 Sheet a9 T38 (H—bond)
B2 Sheet R59 (HB) (H-bond) -
W57 (HB;C-m)(cation-1) -
B3 Sheet R81(HB)
B5 Sheet Vi1l -
(6 Sheet D121 (HB) (H—bond) -
T119 -
#8-B9 loop $170 (HB) (H—bond)
D171 (HB) (H—bond)
Luminal —44 0.43 (0.049) Ton channel M2 al0 V248 57
T249 6 (threonine)
1252 9” (leucine)
A253 10”
V256 137 (valine)
a9 V248 57
T249 6’ (threonine)
L1252 9”(leucine)
A253 10”
T255 127
V256 13’(valine)

a

b

The more negative the TBE (theoretical binding energy) values, the higher the theoretical binding affinities (TBA).
RMSD values and their variance (VAR) were calculated during the last third of the MD simulations (see Supplementary Material).

¢ The specific residue-ligand interactions are indicated. HB: H—bond; C-n: cation-pi; n-ii: pi-pi.

d

the ha7 AChR, its cellular response is less efficient compared to that for
the other used TCAs. On the other hand, when the affinity results are
compared to that obtained from structurally and functionally different
antidepressants, interesting conclusions can be obtained. For example,
serotonin selective transporter inhibitors showed none or minimal
preference for any a7 AChR conformational state (Arias et al., 2010a),
suggesting that structurally-different antidepressants are less suscep-
tible to discriminate between the resting and desensitized states from
the a7 AChR compared to other AChR subtypes (Arias et al., 2010a,
2010b, 2010c; Gumilar et al., 2003).

The observed voltage-dependence of the imipramine-induced in-
hibition of hippocampal a7* AChRs in addition to the [*H]imipramine
competition studies described above, support the molecular docking
results indicating that imipramine interacts with luminal sites at the
ha7 AChR. More specifically, imipramine docked to two overlapping
luminal sites, one located between the serine and leucine rings, and
another between the leucine and valine rings. This is in agreement with
the calculated electric distance (~0.10) for imipramine and clomipra-
mine at the a2(34 and muscle AChRs, consistent with a luminal location
for both TCAs (Lopez-Valdés et al., 2002; Lépez-Valdés and Garcia-
Colunga, 2001). Similarly, other structurally-different antidepressants
overlap the observed imipramine sites at the ha7 AChR, including
bupropion [i.e., a site located between the valine and outer (position
20’) rings, and another site between the leucine ring and position 10’
(Vazquez-Goémez et al., 2014)], and fluoxetine [i.e., a site located be-
tween the threonine and valine rings (Arias et al., 2010a)]. Moreover, a
non-luminal site for imipramine was found at the ECD-TMD junction of
the ha7 AChR, supporting the possibility of other allosteric modes of
inhibition. In fact, previous results indicated that TCAs can inhibit
AChRs by mechanisms involving both open and resting (closed) chan-
nels inhibition, slow open channel blockade, and enhancement of re-
ceptor desensitization (Gumilar et al., 2003; Lopez-Valdés and Garcia-
Colunga, 2001).

The voltage-clamp results indicated that imipramine inhibits
ra9a10 nAChRs with relatively high potency (ICso = 0.54 * 0.05 pM),

The relative M2 position (ring) is indicated for the luminal site, whereas the residue location at the (+) or (—) side of the orthosteric site interface is included.

and with different mechanism of action compared to that elicited at a7
AChRs. In contrast with the non-competitive and voltage-dependent
inhibition of a7 AChRs, the inhibition of a9a10 AChRs is competitive
and voltage-independent. This is in agreement with the molecular
docking results, showing that imipramine interacted, with high theo-
retical affinity, with all residues experimentally considered as im-
portant for agonist binding, indicating that TCAs preferably interact
with the a9a10 AChR orthosteric sites. In other words, the molecular
docking data support the experimental results indicating that imipra-
mine inhibits a9al0 and a7 nAChRs by competitive and non-
competitive mechanisms, respectively, that imipramine interacts with
luminal and non-luminal sites at the a7 nAChR, supporting both
blocking and allosteric mechanisms of inhibition, respectively. The
described molecular interactions at these two receptor subtypes, in-
cluding details of the most important ligand moieties, might be utilized
to design novel selective antagonists.

Previous works have reported that several antagonists of a9* AChRs
produce analgesic and anti-inflammatory activity in animal models,
most likely through a peripheral mechanism of action (McIntosh et al.,
2009; Romero et al., 2017). The relatively high inhibitory potency of
imipramine for a9al0 AChRs might be used to determine the role of
a9* AChRs in pain neurotransmission. The administration of a TCA
such as imipramine that inhibits a9a10 AChRs with relatively high
selectivity could be a valid strategy for the treatment of chronic pain
associated with depression symptoms (Sansone and Sansone, 2008).
Considering that there is a direct correlation between depression and
inflammation (Christmas et al., 2011), it is possible to suggest that the
anti-inflammatory activity elicited by a9* nAChR antagonists, in-
cluding TCAs, might alleviate depressive states. Interestingly, experi-
mental studies have showed a direct connection between the anti-
depressant and anti-inflammatory activity of imipramine in the
peripheral and central nervous system (Ramirez and Sheridan, 2016).

In conclusion, TCAs inhibit a7, a9a10, and hippocampal a7*AChRs
at clinically relevant concentrations and by different mechanisms. The
a7 AChR results support a non-competitive mode of inhibition for TCAs
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as previously showed for different AChR subtypes, whereas the com-
petitive inhibition observed at a9a10 AChRs suggest subtle differences
for this receptor subtype. These results open the door for further studies
to determine the clinical impact of each AChR subtype and its re-
spective inhibitory mechanism on the efficacy of TCAs in depression
and pain-related diseases.
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