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Antidepressant mechanisms of action remain shrouded in mystery, greatly hindering our ability to
develop therapeutics which can fully treat patients suffering from depressive disorders. In an attempt
to shed new light on this topic, we have undertaken a series of studies investigating actions of tricyclic
antidepressant drugs (TCAs) at the o4 adrenergic receptor (AR), a centrally important receptor, dysreg-
ulation of which has been linked to depression. Our previous work established a particular TCA, desipra-
mine, as an arrestin-biased o;4AR ligand driving receptor endocytosis and downregulation but not
canonical heterotrimeric G protein-mediated signaling. The present work is aimed at broadening our
understanding of how members of the TCA drug class act at the a4AR, as we have selected the closely
related but subtly different TCAs imipramine and amitriptyline for evaluation. Our data demonstrate that
these drugs do also function as direct arrestin-biased a,4AR ligands. However, these data reveal differ-
ences in receptor affinity and in the extent/nature of arrestin recruitment to and endocytosis of o;sARs.
Specifically, amitriptyline exhibits an approximately 14-fold stronger interaction with the receptor, is a
weaker driver of arrestin recruitment, and preferentially recruits a different arrestin subtype. Extent of
endocytosis is similar for all TCAs studied so far, and occurs in an arrestin-dependent manner, although
imipramine uniquely retains a slight ability to drive o;aAR endocytosis in arrestin-null cells. These
findings signify an important expansion of our mechanistic understanding of antidepressant
pharmacology, and provide useful insights for future medicinal chemistry efforts.

© 2014 Elsevier Inc. All rights reserved.
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1. Introduction

In the field of antidepressant pharmacology, the need to better
understand mechanisms of action remains high, as precious little
progress has been made since the advent of the drug class some
six decades ago. Available evidence indicates that as many as half
of all patients suffering from depressive disorders are not ade-
quately treated by current therapeutics [1-3]. Meanwhile, work
such as the massive Sequenced Treatment Alternatives to Relieve
Depression (STAR*D) clinical trial [4,5] and meta-analyses of the
literature [6,7] has revealed that newer-generation drugs, such as
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the selective serotonin reuptake inhibitors (SSRIs), are not neces-
sarily more efficacious than older-generation drugs, which include
the tricyclic antidepressants (TCAs). Expansion of our present
understanding of antidepressant drugs is therefore imperative, as
it can contribute to much-needed improvements in therapeutic
approaches for depression.

To that end, we have recently completed a series of in vitro and
in vivo studies regarding the mechanism of action for a classic TCA,
desipramine (DMI) [8-10]. More specifically, we have investigated
the actions of this drug as a direct ligand at the o, adrenergic
receptor (AR). The oxAAR, predominant among o,AR subtypes in
the central nervous system [11-13], is a prototypical G protein-
coupled receptor (GPCR) with well-established roles in noradren-
ergic neurotransmission [14-17]. Further, our own extensive
review of the literature has revealed that increased expression
and activity of a,ARs is associated with the occurrence of depres-
sive disorders in patients [18]. Our work on DMI has established
that this TCA functions as a direct arrestin-biased ligand at the
AR, selectively driving recruitment of the classic GPCR adaptor
protein arrestin to the receptor while not activating any canonical
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heterotrimeric G protein-mediated signal transduction [8]. This
arrestin recruitment leads to receptor endocytosis and, with
chronic exposure, a;2AR downregulation in vitro and in vivo.

While all TCAs share a common polycyclic chemical structure,
namely a pair flanking benzene rings fused to a central heptagonal
ring, there are a number of subtle variations between them,
primarily in the form of substitutions to the central ring and the
single long side chain arising from that ring. These drugs are there-
fore a useful set of ready-made tools for exploring antidepressant-
target interactions. In the present study, we have expanded on our
previous work with DMI by evaluating a pair of subtly different
TCAs, imipramine (IMI) and amitriptyline (AMI), as direct o;,AR
ligands. Our findings demonstrate that, while also functioning as
arrestin-biased o2AR ligands, the chemical differences in these
compounds lead to functional differences in the degree of arrestin
recruitment and characteristics of endocytosis stimulated. Conse-
quently, these data represent an important contribution to our
knowledge of antidepressant pharmacology.

2. Materials and methods
2.1. Pharmacological agents

Drugs were purchased from Sigma-Aldrich, and stock solutions
for all were prepared freshly prior to each experiment in distilled
water, with the exception of escitalopram, which was dissolved
in DMSO. Note that all treatments with norepinephrine (NE) were
done in the presence of 1 pM prazosin (an o4 and og;c AR antag-
onist) and propranolol (a non-selective BAR antagonist), to phar-
macologically isolate the ozaAR.

2.2. Cell culture

All cell lines were grown in Dulbecco’s modified Eagle’s med-
ium (DMEM, Life Technologies) supplemented with 10% fetal
bovine serum (FBS, Atlanta Biologicals) and 100 units/mL penicil-
lin/streptomycin (Life Technologies) and maintained in a humidi-
fied 5% CO, incubator. Generation and characterization of the
mouse embryonic fibroblast (MEF) [8,19] and HEK 293 [20] lines
stably expressing N-terminal hemagglutinin (HA) epitope-tagged
murine o5ARs have been previously described.

2.3. Radioassays

All radioassays were carried out in crude membrane prepara-
tions from the HEK 293 HA-04AR stable cell line. Competition
radioligand binding was carried out as previously described [8] in
order to assess the affinity of a;4ARs for antidepressants; the radi-
oligand was a 3H-labeled form of the AR antagonist RX821002
(*H-RX821002, PerkinElmer). All competition binding experiments
were done in the presence of 5’-guanylimidodiphosphate
(Sigma-Aldrich) to eliminate influence of heterotrimeric G proteins
on binding affinity. Competition binding data was processed into
dose-response curves and K; values were calculated using GraphPad
Prism software (GraphPad, Inc.). Ligand-stimulated coupling of
heterotrimeric G proteins to the o;4ARs was assessed by measuring
the binding of a radiolabeled, non-hydrolyzable form of GTP
([>>S]GTPyS, PerkinElmer) to membrane preparations as previously
described [8].

2.4. Assessment of ligand-stimulated o,AR endocytosis

Receptor endocytosis was assessed both qualitatively and quan-
titatively in MEF cells of the HA-oz4AR stable lines; HA-o;2ARs
were detected using the HA.11 anti-HA primary antibody (mouse

monoclonal, Covance). Qualitative assessment was done by immu-
nofluorescent staining according to a primary antibody pre-label-
ing method for HA-0;4ARs that has been previously described
[8]. MEF cells were pre-labeled with HA.11 (1:125 dilution) prior
to stimulation, followed by permeabilization and labeling with
Alexa488-conjugated anti-mouse secondary antibody (1:1000
dilution, Molecular Probes). Stained cells were visualized by confo-
cal microscopy using a Zeiss LSM 710 (Carl Zeiss) of the UAB High
Resolution Imaging Facility.

Quantitative assessment of receptor endocytosis was done by
an intact cell-surface ELISA technique which has been previously
described [8]. Stimulated and intact (e.g. non-permeabilized) cells
were labeled with HA.11 (1:3000 dilution) followed by HRP-
conjugated anti-mouse secondary antibody (1:2000 dilution,
Millipore). Endocytosis was measured as a percent decrease in
cell-surface receptor density compared with control (no ligand)
wells (set as 100% surface receptor).

2.5. Fluorescence lifetime imaging microscopy (FLIM)

Our previously established method for detecting a;aARs/arres-
tin interaction in live cells through FLIM-based FRET [8] was used
to assess arrestin recruitment to the o;4AR by antidepressants.
Parental HEK 293 cells were transiently transfected (using Lipo-
fectamine 2000, Sigma-Aldrich) with a plasmid encoding a CFP-
tagged oaAR alone and together with a plasmid encoding either
YFP-tagged Arr2 or YFP-tagged Arr3. Transfected, live cells were
plated onto 8-well p-slides (ibidi GmbH) and, following the appro-
priate treatment, were subjected to one-photon (confocal) FLIM
imaging using a Becker and Hickl Simple Tau Time Correlated Sin-
gle Photon Counting Module and pulsed diode 405 nm laser
(Becker and Hickl GmbH) working in concert with the Zeiss LSM
710 confocal microscope. Analysis of FLIM images with the manu-
facturer’s SPCImage software resulted in a CFP fluorescent lifetime
value (in picoseconds) for each cell, obtained from a point at the
cell surface. These raw lifetime values (tcgp for CFP-only cells and
trrer for CFP/YFP-expressing cells) were then used to calculate
FLIM-FRET efficiency (E) values, according to the formula
E =1 — (trrer/tcrp)- At least 5-6 individual cells from 2 to 3 different
transfections were subjected to FLIM for each treatment group.

3. Results and discussion

3.1. Basic pharmacological assessment of antidepressants as o;sAR
ligands

Following our extensive previous work on DMI, for the present
study, we selected two members of the tricyclic antidepressant
class for further study. These compounds, imipramine (IMI) and
amitriptyline (AMI), have subtle chemical differences in compari-
son with each other and with DMI (Fig. 1A). To begin, we set out
to probe the affinity of the o;4AR for IMI and AMI. For a contrast,
we also assessed a;4AR affinity for the selective serotonin reuptake
inhibitor (SSRI) escitalopram (ESC). As shown in Fig. 1B, the three
antidepressant drugs returned three distinct competition binding
curves. Analysis of the curves revealed K; values of 5.07 uM for
IMI, 330 nM for AMI, and 79.4 uM for ESC, while our previous study
reported a K; value of 4.62 uM for DMI at the o;4AR [8]. These data
show that the o;4AR has nearly identical affinity for both IMI and
DMI but approximately 14-fold stronger affinity for AMI than
either IMI or DML In contrast, the o,,AR/SSRI interaction occurs
with approximately 15-fold lower affinity than even the lowest
affinity o;4AR/TCA interaction.

By examining the TCA chemical structures, we can see that the
only difference between DMI (K; = 4.62 uM) and IMI (K; = 5.07 puM)
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Fig. 1. The o;4AR has variable affinity for different antidepressant drugs. (A) Chemical structures for the tricyclic antidepressants DMI, IMI, and AMI. (B) Receptor affinity for
the antidepressants was assessed by competition with an o,AR radioligand for binding to crude membrane preparations from the HEK 293 HA-0,,AR stable cell line.
Competition with the radioligand was measured at increasing concentrations of the tricyclics IMI and AMI or the SSRI escitalopram (ESC) as indicated. Each data point
represents n > 4. Analysis of the curves returned K; values as follows: IMI = 5.07 uM; AMI = 330 nM; ESC = 79.4 uM.

is the addition of a distal methyl group to the side chain, while the
only difference between IMI (K;=5.07 uM) and AMI (K; = 330 nM)
is the substitution of carbon for nitrogen at the side chain attach-
ment point on the middle ring, which also introduces a double
bond to the proximal end of the chain. Our data therefore indicate
that the proximal end of the side chain has a greater influence on
the affinity of the 0,sAR/TCA interaction than the distal end. Addi-
tionally, it is important to note that the clinically-reported thera-
peutic ranges for antidepressant drugs are typically on the order
of high nanomolar to low micromolar concentrations in patient
serum samples [21]. Furthermore, K; values for the o;sAR/TCA
interaction (330 nM-5.07 uM) are similar to the K; value for
o>AAR interaction with its endogenous agonist NE (3.63 uM) [8].
These findings support the potential clinical relevance of o;aAR/
TCA interactions while also suggesting that o;4AR/SSRI interac-
tions are unlikely to occur at physiological concentrations.
Having assessed the affinity of the a;sAR for our TCAs of inter-
est, we next set out to determine whether IMI and AMI are capable
of activating canonical signal transduction by the receptor. More
specifically, we looked to establish whether these TCAs behave as
oAR agonists or antagonists. To achieve this, we utilized the clas-
sic pharmacological technique of [3S]GTPyS binding, which
detects G protein coupling to and activation by a GPCR in the form
of [3S]GTPYS accumulation. Using crude membrane preparations
from our HEK 293 HA-a,4AR stable cell line, we assessed G protein
coupling in response to the endogenous agonist NE, the classic
competitive AR antagonist phentolamine, and the TCAs. Our
findings clearly demonstrate that the TCAs, even at the supra-
physiological concentration of 1 mM, behave similarly to the
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Fig. 2. Tricyclic antidepressants do not stimulate o;aAR/heterotrimeric G protein
coupling. Binding of [**S]GTPYS to crude membrane preparations from the HEK 293
HA-04AR stable cell line was assessed in response to the endogenous adrenergic
agonist NE (10 pM), the classic non-selective oAR antagonist phentolamine (Phent,
1 uM), and the tricyclic antidepressants IMI and AMI (each at 1 mM). Data are
expressed as a fold increase in [**S]GTPYS binding over non-stimulated control (set
as 1.0-fold); data are shown as mean + SEM.

antagonist phentolamine (Fig. 2). A clear and dramatic G protein
coupling response by o;sARs is seen only in response the
endogenous agonist NE, which drives a nearly twofold induction,
consistent with our previous findings [8].
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3.2. Tricyclic antidepressants drive az4AR endocytosis in an arrestin-
mediated fashion

Although the above data would seem to indicate that IMI and
AMI can be pharmacologically classified as o;sAR antagonists,
our previous work with DMI suggests another possibility. We
know DMI to in fact be a biased ligand at the c;,AR, silent with
respect to canonical signal transduction but active with respect
to the separate response of ligand-induced receptor endocytosis.
To determine whether IMI and AMI share this property, we first
qualitatively assessed o;aAR endocytosis via immunofluorescent
staining. Specifically, the use of a primary antibody pre-labeling
technique allows us to observe only cell-surface receptors and
receptors which have undergone endocytosis from the cell surface.
As shown in Fig. 3A, stimulation of ArrWT MEF cells with either IMI
or AMI alone induced clear receptor endocytosis, indicated by the
appearance of perinuclear punctate containing internalized recep-
tors which are absent in no-ligand control cells. Further quantita-
tive assessment of a;4AR endocytosis via intact cell-surface ELISA
confirmed the occurrence of significant IMI- and AMI-stimulated
receptor internalization in ArrWT MEF cells (Fig. 3B, black bars).
These results demonstrate that IMI and AMI, acting alone as direct
oaAR ligands, are capable of driving o;4AR endocytosis. Impor-
tantly, this characteristic is not shared by the classic competitive
antagonist phentolamine [8]. Note that immunofluorescent
staining was performed following 30 min of stimulation to ensure
accumulation of visible punctate; ELISA in ArrfWT cells revealed no

Control

+IMI

significant difference between 10 and 30 min time points (data not
shown).

It is well-appreciated that many GPCRs undergo ligand-stimu-
lated endocytosis through a mechanism mediated by the ubiqui-
tously expressed arrestins, arrestin2 and arrestin3 (sometimes
referred to as B-arrestinl and pB-arrestin2) [22-24]. Indeed, we
have previously established that o;aAR endocytosis stimulated
by both NE and DMI is fully dependent on arrestins [8]. To make
the same determination for IMI and AMI, we repeated the intact
cell-surface ELISA technique following stimulation of arrestin-null
(Arr2,377) MEF cells [25]. This experiment demonstrated that
azaAR endocytosis stimulated by AMI is fully lost in the arrestin-
null cells, with no reduction in surface receptor versus control
(Fig. 3B, gray bars). IMI-stimulated o;,AR endocytosis was fully
lost at the 5 min time point but only significantly attenuated at
the 10 min time point, with a very slight but significant response
retained in the arrestin-null cells (Fig. 3B, gray bars). This response
to IMI, though, is still dramatically lower than the corresponding
response in ArrWT cells (~10% reduction in surface receptor versus
~37% reduction in ArrWT). Taken together with our previous find-
ings, these data indicate that TCAs drive a;5AR endocytosis via a
typical arrestin-mediated mechanism for GPCRs. These data also
highlight the potential complexity of addressing whether a partic-
ular ligand is an agonist or an antagonist at a given GPCR. In the
case of TCAs at the oaAR, the choice depends on the specific
ligand-stimulated response under study, be it signal transduction
or endocytosis.
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Fig. 3. Tricyclic antidepressants drive o,AR endocytosis in an arrestin-mediated fashion. (A) Immunofluorescent staining of ArrWT MEF cells reveals that both IMI (10 pM)
and AMI (1 uM) drives endocytosis of o;4ARs following 30 min stimulation. Arrows indicate perinuclear punctate staining, characteristic of endocytosed receptors contained
in late endosomes. Confocal images were obtained using a 63x objective and are representative of three independent samples. (B) a;,AR endocytosis was assessed
quantitatively using intact cell-surface ELISA in both ArrWT and Arr2,3~/~ MEF cells following 5 and 10 min stimulate with either IMI (10 pM) or AMI (1 uM) as indicated.
Data shown are mean + SEM and represent n > 7 replicates for each group. *p < 0.05; **p < 0.01 by unpaired Student’s t-test, stimulated group versus control group. *p < 0.05;

#¢5 < 0.01 by unpaired Student’s t-test, ArrWT versus Arr2,3~/~.
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3.3. Variable recruitment of arrestins to the c34AR by tricyclic
antidepressants

In addition to demonstrating that DMI is a functionally biased
ligand at the o;5AR favoring endocytosis but not signal transduc-
tion, our previous work established that DMI functions as an arres-
tin-biased ligand [8]. Arrestin-biased agonism, wherein a ligand
stimulates arrestin recruitment to a GPCR but not G protein cou-
pling, is becoming an increasingly appreciated phenomenon
[26,27]. Such biased agonism contrasts with classical agonism,
wherein both G protein coupling and arrestin recruitment occur.
Our report on DMI provided the first documented evidence of arr-
estin-biased agonism at the a;5AR specifically, and in the present
study, we can confirm other TCAs share this characteristic.

Through the use of FLIM-FRET, we assessed the ability of IMI
and AMI to drive arrestin recruitment to the a;sAR in live cells.
Fig. 4A shows our successful expression of CFP-tagged o;4ARs
and YFP-tagged arrestins in HEK 293 cells. Following 10 min stim-
ulation of such cells, specifically expression YFP-arrestin3, we
found that IMI (10 uM) drives a clear and significant increase in
FLIM-FRET efficiency, indicating o,aAR/arrestin3 interaction at
the cell surface (Fig. 4B). The degree of interaction stimulated by
IMI (~25% FLIM-FRET E) is essentially identical to that stimulated
by DMI [8]. Further, a 10-fold lower concentration of IMI was
equally effective at stimulating the oaAR/arrestin3 interaction
(data not shown). In contrast, AMI (1 uM) drove oaAR/arrestin3
recruitment to a much lesser, though still significant, degree
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(Fig. 4B). Given the complete arrestin-dependence of AMI-induced
oxaAR endocytosis, we additionally assessed the ability of AMI to
drive recruitment of arrestin2 to the receptor, and found that
AMI (1 puM) does in fact stimulate a significantly stronger o;aAR/
arrestin2 interaction (Fig. 4B). It seems likely then that AMI-stim-
ulated o,4AR endocytosis is mediated by a combination of arres-
tin3 and arrestin2. These data also suggest that the carbon-for-
nitrogen substitution at the side chain attachment point in AMI
not only affects the affinity of its o;sAR interaction but also
impacts which of the two arrestins is recruited.

These data represent variability in the pharmacological rela-
tionship between the a;2AR and TCAs. In addition to the variable
affinity for the ligands described earlier, there is variable arrestin
recruitment to the receptor by these ligands. Among the three
TCAs studied previously and presently, DMI and IMI appear largely
identical while AMI stands apart. AMI binds the a;4AR with mid-
nanomolar affinity, but is the weakest driver of arrestin recruit-
ment. Meanwhile, DMI and IMI bind the o;4AR with low micromo-
lar affinity, but drive arrestin recruitment more strongly.
Furthermore, AMI alone appears to preferentially drive arrestin2
recruitment, as our previous work established that DMI preferen-
tially drives arrestin3 recruitment [8]. The present data do indicate
one difference functional difference between DMI and IMI though,
as IMI retains a slight but significant ability to drive o;4AR endocy-
tosis in arrestin-null cells (Fig. 3B). This suggests that IMI, when
binding the o;sAR, can at least partially engage some arrestin-
independent endocytic mechanism, but further study will be
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Fig. 4. Arrestin recruitment to the ;AR by tricyclic antidepressants is variable. (A) Representative confocal images showing the expression of CFP-o;,AR and YFP-Arr in live
transfected HEK 293 cells. (B) FLIM-FRET efficiency (E) values (%) for axaAR/Arr3 interaction (solid gray bars) and o,4AR/Arr2 interaction (hashed bar). Data were collected
following 10 min stimulation with either IMI (10 M) or AMI (1 uM); data shown are mean + SEM and represent n = 5-6 for each group. *p < 0.05; **p < 0.0001 by unpaired
Student’s t-test, stimulated versus control. *p < 0.05 by unpaired Student’s t-test, Arr3 versus Arr2.
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necessary to elucidate an explanation. Overall, these data demon-
strate that it is difficult to draw a clear correlation between
receptor affinity and strength of arrestin recruitment or between
strength of arrestin recruitment and degree of receptor endocytosis
induced.

3.4. Implications

The present findings are an important expansion of our previ-
ous work and provide novel information regarding both antide-
pressant pharmacology and ligand-selective regulation of the
ozaAR. We have now demonstrated that multiple members of
the tricyclic antidepressant drug class function as arrestin-biased
ligands at the o;4AR, a property which precludes the classification
of these drugs as simply receptor antagonists. Importantly, the
present work further demonstrates that the particular strength of
interaction with and recruitment of arrestin to the oi;4AR varies
among the different TCAs. In addition, there seems to be some var-
iability in whether arrestin2 or arrestin3 is preferentially recruited.
Given the evidence for differential distribution of these arrestin
subtypes in the brain [28], this variability raises the possibility that
different TCAs cause distinct patterns of central a;4AR regulation.

The clinical significance of our findings arises from evidence
linking upregulation of o, AR expression and activity with depres-
sion in human patients [18]. Although we have not directly
observed downregulation in response to IMI and AMI, the collec-
tive efforts of our previous and present work strongly suggest that
TCAs, by acting as direct arrestin-biased ligands, are able to drive a
reduction in o;5AR levels. We believe that this effect represents an
important component of the therapeutic mechanism of action for
these TCAs, but not drugs such as SSRIs, which essentially have
no physiologically relevant receptor interaction. Moving forward,
studies such as our own, together with increasing structural
knowledge of GPCR ligand binding and activation, should contrib-
ute to the development of more selective therapeutics.
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