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Abstract

Depression is a major health problem for which most patients are not effectively treated. This
underscores a need to identify new targets for the development of antidepressants with improved
efficacy. Studies have shown that blockade of low-affinity/high-capacity transporters, such as
organic cation transporters (OCTs) and the plasma membrane monoamine transporter (PMAT),
with decynium-22 can produce antidepressant-like effects and inhibit serotonin clearance in

brain when the serotonin transporter is pharmacologically or genetically compromised. /n vitro
studies show that OCTs/PMAT are also capable of norepinephrine transport, raising the possibility
that decynium-22 might enhance the antidepressant-like effects of norepinephrine transporter
inhibitors. Using /n vivo electrochemistry, we show that local administration of decynium-22

into dentate gyrus of hippocampus enhanced the ability of the norepinephrine transporter

blocker, desipramine, but not the dual norepinephrine/serotonin transporter blocker venlafaxine,
to inhibit norepinephrine clearance. In parallel, systemic administration of decynium-22 (0.32
mg/kg) enhanced the antidepressant-like effects of desipramine (32 mg/kg), but not those of
venlafaxine, in the tail suspension test, underscoring the heterogeneous response of mice to
antidepressants, including those that share similar mechanisms of action. Systemic administration
of normetanephrine, a potent blocker of OCT3, failed to potentiate the antidepressant-like effects
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of desipramine, suggesting that the actions of decynium-22 to augment the antidepressant-like
effects of desipramine are likely mediated by another OCT isoform and/or PMAT. Taken together
with existing literature, concurrent blockade of OCTs and/or PMAT merits further investigation as
an adjunctive therapeutic for desipramine-like antidepressant drugs.
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Norepinephrine transporter; Serotonin transporter; Antidepressant; Decynium-22; Desipramine;
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1. Introduction

Drugs that block high-affinity/low-capacity monoamine transporters, such as norepinephrine
and serotonin transporters, are among the most commonly prescribed treatments for
depression. Blockade of these transporters increases extracellular norepinephrine and
serotonin in brain regions important for mood regulation. This increase in extracellular
monoamines is thought to trigger therapeutic downstream mechanisms responsible for
antidepressant effects (Frazer, 1997; Daws et al., 2013). Unfortunately, these treatments
often leave patients without full symptom relief (Kirsch et al., 2008; Sinyor et al., 2010),
spurring investigations into alternative drug targets that enhance the therapeutic utility of
commonly prescribed antidepressants.

Low-affinity/high-capacity “uptake 2” monoamine transporters are gaining attention as
novel targets to treat psychiatric disorders (Schildkraut and Mooney, 2004; Rahman et

al., 2008; Bacq et al., 2012; Daws et al., 2013; Horton et al., 2013; Krause-Heuer et al.,
2017; Orrico-Sanchez et al., 2019). Such transporters include organic cation transporters
(OCTs) and plasma membrane monoamine transporter (PMAT), which, in vitro, are capable
of high efficiency serotonin uptake (Duan and Wang, 2010). /n vivo experiments utilizing
decynium-22, a potent blocker of OCTs/PMAT, show that local application of decynium-22
in hippocampus can inhibit serotonin clearance in serotonin transporter heterozygous
(SERT+/-) and knockout (SERT-/-) mice (Baganz et al., 2008), and enhance the ability of
fluvoxamine, a selective serotonin reuptake inhibitor (SSRI), to inhibit serotonin clearance
in wild-type mice (Horton et al., 2013). In parallel, systemic administration of decynium-22
produces antidepressant-like effects in the tail suspension test in SERT+/- and SERT-/-
mice, and enhances the antidepressant-like effect of a sub-effective dose of fluvoxamine in
wild-type mice (Baganz et al., 2008, 2010; Horton et al., 2013). Given decynium-22 does
not have appreciable activity at serotonin, norepinephrine, or dopamine transporters (Fraser-
Spears et al., 2019), these findings raise the possibility that blockers of decynium-22-
sensitive transporters, collectively OCTs and PMAT, may be effective adjunct therapies
administered with SSRIs in the treatment of depression.

OCT3 blockade is suggested to enhance neurochemical and antidepressant-like

effects of norepinephrine transporter targeting antidepressants (Rahman et al., 2008).
Normetanephrine, a metabolite of norepinephrine and potent OCT3 blocker (Martel et al.,
1999; Schildkraut and Mooney, 2004; Graf et al., 2013), enhanced the antidepressant-like
effects of the norepinephrine transporter blocker, desipramine, in mice (Rahman et al.,

Eur J Pharmacol. Author manuscript; available in PMC 2023 April 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bowman et al.

Page 3

2008). Moreover, normetanephrine enhanced the increase in extracellular norepinephrine
following venlafaxine, a serotonin and norepinephrine reuptake inhibitor (SNRI), in
prefrontal cortex of rats (Rahman et al., 2008). These studies suggest that inhibitors of
OCT3, and potentially other OCT isoforms and PMAT, may also be used to enhance the
therapeutic benefit of blockers that act at norepinephrine and/or serotonin transporters, such
as desipramine and venlafaxine.

To investigate this possibility, we hypothesized that decynium-22 enhances desipramine-
and venlafaxine-induced inhibition of norepinephrine clearance from extracellular fluid

in dentate gyrus of hippocampus, a brain region with dense norepinephrine transporter
expression (Swanson et al., 1987), and implicated in mediating antidepressant effects of
drugs (Campbell and MacQueen, 2004; Malykhin and Coupland, 2015). Moreover, we
hypothesized that this enhanced inhibition of norepinephrine clearance would be paralleled
by decynium-22 enhancing the antidepressant-like effects of these drugs.

2. Materials and methods

2.1. Animals

Naive adult male C57BL/6 mice obtained from our in-house breeding colony were used
for all experiments. Previously we found no sex differences in the antidepressant-like
effect of desipramine or the SSRI escitalopram in the tail suspension test, therefore

only male mice were used (Mitchell et al., 2013). Experiments were conducted in mice
between 3 and 10 months of age. Animals were housed in a temperature-controlled

(24 °C) vivarium maintained on a 12/12-hr light/dark cycle (lights on at 7:00 a.m.)

in plastic cages (29 cm x 18 cm x 13 ¢cm) containing 7090 Teklad sani-chip bedding
(Envigo, East Millstone, NJ). Animals were given free access to water and Teklad LM-485
mouse/rat sterilizable diet 7012 chow (Envigo, East Millstone, NJ). Mice were weaned

at P21 and housed in groups of no more than five same sex peers. All procedures were
conducted in accordance with the National Institute of Health Guide for the Care and

Use of Laboratory Animals (Institute of Laboratory Animal, Resources, Commission of
Life Sciences, National Research Council, https://grants.nih.gov/grants/olaw/Guide-for-the-
Care-and-use-of-laboratory-animals.pdf), and with the approval of the Institutional Animal
Care and Use Committee, The University of Texas Health San Antonio (approval number:
20090119).

2.2. High-speed chronoamperometry

In vivo high-speed chronoamperometry experiments were conducted in adult male mice
using methods adapted from Daws and Toney (2007; Baganz et al., 2008; Daws et al.,

2016; Horton et al., 2013). /n vivo high-speed chronoamperometry affords real-time, msec
to msec, recording of monoamine clearance, thereby providing a readout of transporter
efficiency. Carbon fiber electrodes were fabricated as described in Williams et al. (2007;
Daws et al., 2016) based on published methods (Gerhardt, 1995; Perez and Andrews, 2005).
Briefly, a single carbon fiber (30 um diameter) was sealed within fused silica tubing (Schott,
North America). Nafion coating (5% solution; Sigma-Aldrich, St. Louis, MO) was applied
to carbon fiber electrodes to prevent the passage of anions in extracellular fluid to the
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carbon fiber electrode surface (Daws and Toney, 2007). Sensitivity to norepinephrine and
ascorbic acid (Sigma-Aldrich, St. Louis, MO) were evaluated. Only electrodes displaying
a selectivity ratio for norepinephrine over ascorbic acid greater than 100:1 and a linear
response (r2 = 0.9) to norepinephrine were used.

The recording assembly consisted of a Nafion-coated carbon-fiber electrode attached to

a four-barreled micropipette (FHC, Bowdoin) such that their tips were separated by

200 pm. The barrels of the micropipette were filled with either norepinephrine (200

UM), decynium-22 (10 uM), desipramine (400 pM or 800 uM), venlafaxine (400 pM),

a combination of decynium-22 and desipramine or venlafaxine, or phosphate-buffer

saline (PBS) vehicle. The electrode assembly was lowered into the dentate gyrus of

dorsal hippocampus (anteroposterior, —1.6 from bregma; mediolateral, +0.5 from midline;
dorsoventral, —2.0 from dura) of an anesthetized mouse (Franklin and Paxinos, 1997). A
mixture of alpha-chloralose (35 mg/kg) and urethane (350 mg/kg) given intraperitoneally
(i.p.) at a volume of 0.25 ml was used to anesthetize mice in all experiments (Sigma-Aldrich,
St. Louis, MO). Breathing was facilitated by a metal tube inserted into the trachea of
anesthetized mice before mice were placed into a stereotaxic frame. Body temperature was
maintained at 36-37 °C by a water circulated heating pad.

High-speed chronoamperometric recordings were made using a FAST-12 or FAST-16
system (Quanteon, Nicholasville, KY). Oxidation potentials consisted of 100-ms pulses of
+0.55 V alternated with 900 ms intervals during which the resting potential was maintain at
0.0 V. The active electrode voltage was applied with respect to a sliver chloride reference
electrode placed in the extracellular fluid of the superficial cortex. Oxidation and reduction
currents were digitally integrated during the last 80 ms of each 100 ms voltage pulse.

Exogenous norepinephrine was applied into the dentate gyrus region of the hippocampus
by pressure ejection. Once reproducible norepinephrine signals of ~0.75 uM were obtained,
drug or vehicle was applied locally into the dentate gyrus. Norepinephrine was pressure
ejected 7 min after drug or vehicle to allow sufficient time for drug to diffuse to the
recording site and to limit electrode sensitivity degradation that can occur when utilizing
norepinephrine transporter blockers for /n vivo amperometry (Davidson et al., 2000).
Norepinephrine was then applied at 5 min intervals until norepinephrine clearance time
returned to pre-drug values. The Tgg time course parameter, defined as the time for the
signal to decline by 80% of the peak signal amplitude, and peak signal amplitude were
analyzed.

An electrolytic lesion was made to mark the placement of electrode tip. Brains were
removed, frozen, and stored at —80 °C for later histological analysis. At that time brains
were thawed to —18 °C and sliced into 20-um-thick sections and stained with thionin for
histological verification of electrode location.

2.3. Tail suspension test

Tail suspension test experiments were carried out as described by Steru et al. (1985; for a
review see Castagné et al., 2011). All experiments were conducted between 12:00 noon and
5:00 p.m., with a 1-2 h (h) acclimation period in the testing room before the first injection
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was administered. We first evaluated if decynium-22 could enhance the antidepressant-like
effects of venlafaxine in the tail suspension test. In these experiments, all mice received
either saline or decynium-22 at 0.1 or 0.32 mg/kg intraperitoneal (i.p.) 1 h before testing,
followed 30 min later by an i.p. injection of either venlafaxine at 0.5, 1, 2, 4, or 8 mg/kg

or saline (control condition). Drug concentrations for decynium-22 were based on previous
studies showing that 0.1 and 0.32 mg/kg decynium-22 are behaviorally active doses in the
tail suspension test when co-administered with the SSRI fluvoxamine (Horton et al., 2013).

In the second set of experiments, we investigated if decynium-22 (blocker of OCTs and
PMAT) and normetanephrine, a potent blocker of OCT3, could enhance the antidepressant-
like effect of desipramine. In these experiments, all mice received either saline, decynium-22
at 0.1 mg/kg or normetanephrine at 56 mg/kg i.p. 1 h before testing, followed 30 min later
by an i.p. injection of desipramine at 0.32, 10, 32 mg/kg or saline (control condition). This
drug administration protocol was selected in order to be consistent with our previously
published procedure (Baganz et al., 2008; Horton et al., 2013; Mitchell et al., 2015 & 2017).
The concentration of normetanephrine was chosen based on previous studies showing that
56 mg/kg normetanephrine is a behaviorally active dose in the tail suspension test when
co-administered with desipramine (Rahman et al., 2008). In subsequent experiments, mice
received decynium-22 at 0.32 mg/kg with 32 mg/kg desipramine. Neither decynium-22 at
0.1 or 0.32 mg/kg nor normetanephrine at 56 mg/kg alter locomotor behavior (data not
shown, P > 0.05; Horton et al., 2013).

Before testing, an aluminum bar (2 x 0.3 x 10 cm) was fastened to the mouse tail using
adhesive tape placed at a 90° angle to the long-itudinal axis of the tail, with 3-4 cm
between the base of the tail and the bar. A hole in the bar, opposite the tail taped end,

was then secured to a hook in the ceiling of a visually isolated box (40 x 40 x 40 cm).
Mice were suspended by their tails for 6 min. The ventral surface and the front and hind
limbs of the mouse were recorded using a digital video camera facing the suspension box.
Immobility was defined as the absence of initiated movement, and included passive swaying.
Total immobility was recorded in seconds (s) by observers blinded to the mouse treatment
conditions. A mouse was excluded from the study if it climbed its tail and/or the aluminum
bar for greater than or equal to 3 s. Mice were tested only once, and all mice were assigned
randomly to treatment conditions.

We selected the tail suspension test, rather than (or in addition to) the forced swim test, for
two reasons. First, using the same C57BL/6 mouse strain as in the present studies, we found
the forced swim test to be relatively insensitive to detection of reduced time spent immobile
after a range of desipramine doses (3.2-32 mg/kg), and insensitive to the same dose range
of the SSRI, fluvoxamine (Koek et al., 2018). This contrasts to our findings using the tail
suspension test where we detect robust antidepressant-like effects of desipramine and SSRIs
(Baganz et al., 2008; Horton et al., 2013; Mitchell et al., 2015, 2016, 2017). Second, the tail
suspension test was used in the studies of Rahman et al. (2008) who showed potentiation

of the antidepressant-like effect of desipramine and venlafaxine by the uptake-2 blocker,
normetanephrine.
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Decynium-22 [1,1-Diethyl-2,2" cyanine iodide], venlafaxine [(+/-)-1-[2-
(Dimethylamino)-1-(4-methoxyphenyl)ethyl cyclohexanol] hydrochloride, desipramine
(desmethylimipramine) hydrochloride, and DL-normetanephrine (DL-a.-[aminomethyl]-4-
hydroxy-3-methoxybezenemethanol) hydrochloride (Sigma-Aldrich, St. Louis, MO) were
dissolved in physiologic saline and injected i.p. at doses expressed as salt weight per
kilogram body weight. The injection volume was 10 ml/kg.

It is worth emphasizing that at the very low doses of decynium-22 used in these studies,
we are selectively targeting OCTs and PMAT. Decynium-22 has activity at the alpha-1
adrenoceptor, but at concentrations that greatly exceed those used here (Russ et al.,
1996; and see Horton et al., 2013). Decynium-22 also has off-target effects that involve
inhibition of dopaminergic and GABAergic synaptic transmission in the substantia nigra
pars compacta and the spontaneous (pacemaker) activity of nigral neurons (Lloyd et al.,
2019). However, the concentrations used in the Lloyd et al. study (25 pM) vastly exceed
those used in our behavioral (0.1 and 0.32 mg/kg) and chronoamperometry (~0.05 pM)
studies, and therefore are unlikely to play any role in the experimental outcomes described
here. Note that although the barrel concentration of decynium-22 in these studies was 10
UM, there is an estimated 200-fold dilution in drug concentration before it reaches the
recording electrode (Daws et al., 2016).

2.5. Data analysis

Data were analyzed by ANOVA and by multiple comparisons using Tukey’s test irrespective
of the statistical significance of ANOVA outcomes, consistent with Hsu (1996; page 177)
and Maxwell et al. (2018; page 260). Prism 6.0 (GraphPad, San Diego, CA) was used to
perform statistical analysis.

2.5.1. High-speed chronoamperometry—The time to clear 80% of the peak
norepinephrine signal (Tgp) in seconds, and norepinephrine signal amplitude were measured
before and after drug application. Pre- and post-values were analyzed using paired t-tests
(Table 1). The post-drug Tgg and signal amplitude were then expressed as a percent

change from baseline (pre-drug). Each parameter was analyzed using a two-factor ANOVA
(desipramine or venlafaxine alone vs with decynium-22) followed by Tukey’s post hoc
multiple comparisons test. Data are expressed as mean + S.E.M. P < 0.05 was considered
statistically significant.

2.5.2. Tail suspension test—In the first set of tail suspension test experiments,

we evaluated the effect of 0.1 and 0.32 mg/kg decynium-22 on the antidepressant-like
actions of venlafaxine. Dose-response data were analyzed using a 2-factor ANOVA
(venlafaxine, decynium-22) followed by Tukey’s post hoc multiple comparisons test (Fig.
2A). Additionally, a one-factor ANOVA followed by Tukey’s post hoc multiple comparisons
test was used to investigate if 0.1 or 0.32 mg/kg decynium-22 altered immobility time in the
tail suspension test (Fig. 2B).
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Half-maximal effective dose (ED5p) and maximal effect (Emax) for venlafaxine alone or in
combination with 0.1 or 0.32 mg/kg decynium-22 were derived from data in Fig. 2A and

are summarized in Table 2. EDgq values were calculated using methods detailed in Koek et
al.(2009; Mitchell et al., 2017). F ratio tests in GraphPad Prism were used to compare the
linear portion of log dose-response curves with respect to their slopes and intercepts. For
example, a non-significant F ratio for slopes and a significant F ratio for intercepts show that
dose-response curves are parallel but occupy different positions on the dose axis. Emax was
defined as the greatest observed percent change of immobility from vehicle control. Emax
values were analyzed with a one-factor ANOVA followed by Tukey’s post hoc multiple
comparisons test (Table 2).

In the second set of tail suspension test experiments, the effects of 0.1 mg/kg decynium-22
and 56 mg/kg normetanephrine on desipramine-induced antidepressant-like effects in the tail
suspension test were evaluated 7 paralle/ with experiments evaluating the antidepressant-
like effect of desipramine alone (Mitchell et al., 2015). Dose-response data were analyzed
by 2-factor ANOVASs (desipramine, decynium-22; desipramine, normetanephrine). EDgq
and Emax values for the antidepressant-like effects of desipramine alone (originally
published in Mitchell et al., 2015) and co-administered with 0.1 mg/kg decynium-22 or
co-administered with 56 mg/kg normetanephrine are summarized in Table 3. Student’s t-test
was used to evaluate the difference in Emax values for desipramine alone and desipramine
co-administered with 0.1 mg/kg decynium-22 or 56 mg/kg normetanephrine (Table 3).

In a follow up tail suspension test study, student’s t-test was used to test the hypothesis that
0.32 mg/kg decynium-22 enhances the antidepressant-like effect of 32 mg/kg desipramine
(Fig. 2C).

All data are expressed as mean + S.E.M., except EDsq values, which are expressed as the
mean. P < 0.05 was considered statistically significant.

3. Results

3.1. Intrahippocampal co-administration of decynium-22 with desipramine, but not
venlafaxine, enhances inhibition of norepinephrine clearance from extracellular fluid of
dentate gyrus

To test the hypothesis that decynium-22 enhances the inhibiting effect of norepinephrine
transporter blockers on norepinephrine clearance, we used /77 vivo chronoamperometry
according to well established protocols (Daws and Toney, 2007; Baganz et al., 2008,

2010; Horton et al., 2013; Daws et al., 2016). Clearance of locally applied norepinephrine
from extracellular fluid in the dentate gyrus of anesthetized mice was compared before
and after application of venlafaxine, desipramine, decynium-22, PBS, or decynium-22 in
combination with venlafaxine or desipramine or PBS (Fig. 1A) to the dentate gyrus of
hippocampus. In our initial studies (Experiment 1), 54 pmol of venlafaxine or desipramine
was administered. This pmol amount typically does not cause significant inhibition of
norepinephrine clearance, and was selected in order to determine if decynium-22 could
bolster the actions of subthreshold amounts of desipramine and venlafaxine to inhibit
norepinephrine clearance. Given that decynium-22 does not have activity at norepinephrine
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transporter (serotonin or dopamine transporters) (Fraser-Spears et al., 2019) any action of
decynium-22 to enhance the ability of desipramine or venlafaxine to inhibit norepinephrine
clearance would not be due to decynium-22 occupying spare norepinephrine transporter or
serotonin/norepinephrine transporters, respectively. In subsequent experiments (Experiment
2), we increased the dose of desipramine to 108 pmol, an amount that robustly inhibits
norepinephrine clearance. Unfortunately, higher concentrations of venlafaxine could not be
tested using chronoamperometry due to interference with the recording properties of the
carbon fiber electrode. The amount of decynium-22 applied was 1.4 pmol, which is the
maximum that can be delivered without interfering with properties of the recording electrode
(Baganz et al., 2008). Norepinephrine was pressure ejected into dentate gyrus to obtain
reproducible signals of ~0.75 uM, then drug or vehicle was locally ejected into dentate gyrus
followed 5 min later by ejection of norepinephrine.

Experiment 1: Representative traces for vehicle, decynium-22 (1.4 pmol), desipramine

(54 pmol), venlafaxine (54 pmol), and decynium-22/desipramine, decynium-22/venlafaxine
cocktails are shown in Fig. 1A. Two-way ANOVA of the percent change in Tgg clearance
time from pre-drug values revealed a main effect of treatment to increase norepinephrine
clearance time [F(2,57) = 11.97, P = 0.0185], with a main effect of decynium-22 to augment
this effect [F(1,57) = 5.926, P = 0.044], and no statistically significant interaction [F (2,57)
=3.819, P = 0.264] (Fig. 1B). Post-hoc analysis showed that neither decynium-22 (P =
1.00), venlafaxine (P = 0.99), nor 54 pmol desipramine (P = 0.94) administered alone
significantly increased Tgg clearance time compared to vehicle control. Co-administration of
decynium-22 with venlafaxine also failed to impact Tgg clearance time relative to vehicle
control (P = 0.64). In contrast, co-administration of decynium-22 with 54 pmol desipramine
significantly increased Tgq clearance time compared to vehicle control group (P = 0.015),
and decynium-22 alone (P = 0.029), and approached statistical significance compared to
venlafaxine alone (P = 0.12), and 54 pmol desipramine alone (P = 0.19). None of the
treatments significantly influenced signal amplitude (see Table 1). Average signal amplitude
and Tgg values for all groups (inclusive of Experiment 2) before treatment were 0.74 + 0.03
UM, and 109 + 5 s respectively.

Experiment 2: Representative traces for vehicle, decynium-22 (1.4 pmol), desipramine (108
pmol), and decynium-22/desipramine cocktails are shown in Fig. 1C. Two-way ANOVA of
the percent change in Tgg clearance time from pre-drug values revealed a main effect of 108
pmol desipramine to increase norepinephrine clearance time [F (1,35) = 56.21, P < 0.0001],
a main effect of decynium-22 to augment this effect [F(1,35) = 6.127, P = 0.009], and a
significant interaction [F(1,35) = 5.708, P = 0.012] (Fig. 1D). Post-hoc analysis showed
that administration of 108 pmol desipramine significantly increased Tgg clearance time
compared to vehicle control (P = 0.0025) and decynium-22 administered alone (P = 0.0034).
Co-administration of decynium-22 with 108 pmol desipramine significantly increased Tgg
clearance time compared to vehicle control (P < 0.0001), decynium-22 administered alone
(P <0.0001), and 108 pmol desipramine administered alone (P = 0.0098). None of the
treatments significantly increased signal amplitude (see Table 1). Average signal amplitude
and Tgg values for all groups before treatment were 0.74 £ 0.03 UM, and 102 + 8 s
respectively.
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Thus, the key finding from these studies is that pmol amounts of desipramine, which alone
did not inhibit norepinephrine clearance, do inhibit the time for norepinephrine to be cleared
from extracellular space when given in combination with decynium-22. Similarly, the

effect of desipramine given in pmol amounts that robustly inhibit norepinephrine clearance
was potentiated by decynium-22. These findings are similar to our data showing that
decynium-22 enhances the ability of the SSRI, fluvoxamine, to inhibit serotonin clearance
from the CA3 region of hippocampus, and where we also found that decynium-22 enhances
the ability of fluvoxamine to produce antidepressant-like effects (Horton et al., 2013).
Assuming antidepressant-like behavior parallels inhibition of norepinephrine clearance in
the hippocampus, our data suggest that decynium-22 should also enhance the antidepressant-
like effects of desipramine, and perhaps venlafaxine. We tested this hypothesis by
conducting dose-response analysis of the effects of decynium-22 co-administered with
venlafaxine or desipramine on immobility time in the tail suspension test.

3.2. Blockade of decynium-22-sensitive transporters enhances the antidepressant-like
effects of desipramine, but not venlafaxine, in the tail suspension test

As expected, systemic administration of venlafaxine dose-dependently reduced immobility
time in the tail suspension test [F(5, 128) = 18.56, P < 0.0001] (Fig. 2A). In contrast

to experiments with SSRIs, decynium-22 had either no effect (0.1 mg/kg decynium-22
dose) on the ability of venlafaxine to reduce immobility time or dampened (0.32 mg/kg
decynium-22 dose) venlafaxine’s antidepressant-like effect [F(2, 128) = 3.49, P = 0.03].
There was no statistically significant interaction between the antidepressant-like effects of
venlafaxine alone or with co-administration of decynium-22 [F(10, 128) = 1.16, P = 0.32].
Between treatment comparisons showed greater immobility in the tail suspension test when
mice were treated with a combination of 0.32 mg/kg decynium-22 and either 2 or 4 mg/kg
venlafaxine in comparison with mice treated with a combination of 0.1 mg/kg decynium-22
and either 2 or 4 mg/kg venlafaxine (P = 0.05, P = 0.03). The lowest effective dose was

4.0 mg/kg venlafaxine for saline treated mice, 2.0 mg/kg venlafaxine for mice treated

with 0.1 mg/kg decynium-22, and 8 mg/kg venlafaxine for mice treated with 0.32 mg/kg
decynium-22. Published (Horton et al., 2013) and preliminary data suggest decynium-22
doses < 0.32 mg/kg do not inhibit overall mobility. In the present study, immobility in mice
treated with 0.1 and 0.32 mg/kg decynium-22 were compared with saline treated mice to
confirm decynium-22 alone does not increase immobility time in the tail suspension test
(Fig. 2B, without venlafaxine treatment condition). One-way ANOVA showed decynium-22
did not impact immobility in comparison with saline treated mice [F(2, 23) = 0.68, P =
0.52]. Tukey’s multiple comparisons test indicated that 0.1 mg/kg decynium-22 did not
significantly change locomotor activity compared to saline (P = 0.49) and 0.32 mg/kg
decynium-22 (P = 0.78). Similarly, 0.32 mg/kg decynium-22 did not statistically change
locomotor activity compared to saline (P = 0.89). Therefore, the increased immobility time
in the tail suspension test is likely due to the combined effects of decynium-22 (0.32 mg/kg)
with venlafaxine.

EDsg and Emax values for venlafaxine to reduce immobility time in the tail suspension
test with and without co-administration of decynium-22 are summarized in Table 2. The
EDsq of venlafaxine to reduce immobility time in the tail suspension test was significantly
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increased by co-administration of decynium-22 [F(2,116) = 3.53, P = 0.03]. Among
treatment comparisons showed co-administration of 0.32 mg/kg decynium-22, but not 0.1
mg/kg decynium-22, significantly reduced the potency of venlafaxine to reduce immobility
in the tail suspension test (P < 0.01, P = 0.36; Table 2). Emax values for venlafaxine to
reduce immobility time in the tail suspension test were unaltered by co-administration of
decynium-22 at 0.1 or 0.32 mg/kg [F(2, 21) = 1.62, P = 0.22].

The antidepressant-like effects of venlafaxine were not enhanced by co-administration of 0.1
or 0.32 mg/kg decynium-22; however, studies have shown that the antidepressant-like effects
of desipramine can be potentiated by 56 mg/kg of the OCT3 blocker normetanephrine
(Rahman et al., 2008). We therefore examined whether 0.1 mg/kg decynium-22 or 56

mg/kg normetanephrine enhanced the antidepressant-like effects of 3.2, 10, and 32 mg/kg
desipramine in the tail suspension test. Systemic administration of desipramine dose
dependently decreased immobility time in the tail suspension test [F(3, 79) = 14.91, P <
0.0001]. There was no statistically significant interaction between antidepressant-like effects
of desipramine alone or with co-administration of 0.1 mg/kg decynium-22 [F(3, 79) =

2.33, P =0.0804]. We tested if 0.1 mg/kg decynium-22 or 56 mg/kg normetanephrine

could enhance the antidepressant-like effects of 3.2, 10, and 32 mg/kg desipramine in the
tail suspension test by comparing EDsg and Emax values with those from mice treated

with desipramine alone (Table 3 and Fig. 2C and 2D) [desipramine/vehicle data originally
published in Mitchell et al. (2015) with permission, and carried out concurrently with

these studies]. EDgq values were unaltered by co-administration of 0.1 mg/kg decynium-22
[F(1,51) =0.29, P = 0.59] or 56 mg/kg normetanephrine [F(1,56) = 1.37, P = 0.25]

in comparison to desipramine alone. Similarly, Emax values were not altered by co-
administration of 0.1 mg/kg decynium-22 (P = 0.32) or 56 mg/kg normetanephrine (P =
0.17) compared with desipramine.

In an effort to compare the effects of decynium-22 on venlafaxine and desipramine at

the same doses of decynium-22, we examined 32 mg/kg desipramine in combination with
0.32 mg/kg decynium-22 in a separate cohort of mice. We found that immobility time
following either decynium-22 (0.32 mg/kg) or desipramine injection was in line with our
first experiments (for decynium-22, compare Fig. 2B and 2C), adding to the reproducibility
of these data (triangle symbols in Fig. 2C). However, unlike 0.1 mg/kg decynium-22 in
combination with 32 mg/kg desipramine, 0.32 mg/kg decynium-22 in combination with 32
mg/kg desipramine significantly reduced immobility time compared to mice treated with 32
mg/kg desipramine and saline alone [t (17) = 2.134, P = 0.04]. These findings support the
notion that blockade of OCTs/PMAT can enhance the antidepressant-like effects of at least
some drugs.

4. Discussion

Major findings from the current study are that decynium-22 enhances the ability of
desipramine to inhibit norepinephrine clearance in dentate gyrus (at either a subthreshold
pmol amount of desipramine, or an amount that robustly inhibits norepinephrine
clearance) (Fig. 1). This result maps onto decynium-22 (0.32 mg/kg) enhancing the
antidepressant-like effect of desipramine (32 mg/kg) in the tail suspension test (Fig.
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2C). In contrast, co-administration of decynium-22 with a subthreshold concentration of
venlafaxine into dentate gyrus did not significantly inhibit norepinephrine clearance, nor

did systemically administered 0.1 mg/kg decynium-22 potentiate the antidepressant-like
effects of venlafaxine, while 0.32 mg/kg decynium-22 reduced the potency of venlafaxine to
produce antidepressant-like effects in the tail suspension test (Fig. 2A and Table 2). Together
with our earlier findings that decynium-22 augments the ability of fluvoxamine to inhibit
serotonin clearance and produce antidepressant-like effects (Baganz et al., 2008; Horton

et al., 2013), these results suggest that concurrent blockade of OCTs and/or PMAT is a
potential means to increase therapeutic efficacy of at least some antidepressant drugs.

Clinically there is a 2—-6 week refractory period before onset of therapeutic effects following
treatment with tricyclic antidepressants, as well as other monoamine transporter blockers
including SNRIs (Katz et al., 2004; Gartlehner et al., 2008; Martiny et al., 2012). While

the reason for this delay is not yet fully understood, it has been hypothesized that the
increase in extracellular norepinephrine following treatment with tricyclic antidepressants

is undermined by uptake-2 transporters, which clear norepinephrine away from the
extracellular space before a therapeutic concentration of norepinephrine is reached (lversen,
1965; Hendley et al., 1970; Koepsell, 2004; Schildkraut and Mooney, 2004). Levels of
normetanephrine, a potent OCT3 blocker and metabolite of norepinephrine, have been
shown to accumulate with tricyclic antidepressant treatment; however, this process can

take 2-6 weeks (Mooney et al., 2008). Once normetanephrine levels are high enough to
block OCT3 then norepinephrine levels can rise to sustain a therapeutic concentration
(Schildkraut and Mooney, 2004). Hypothetically, normetanephrine could enhance the

acute antidepressant effects of norepinephrine transporter blockers if the two were co-
administered. Consistent with this idea, Rahman et al. (2008) showed that normetanephrine
potentiated the venlafaxine-induced increase of extracellular norepinephrine in frontal cortex
of rats and enhanced the antidepressant-like effect of 10 mg/kg desipramine in the tail
suspension test in mice. Our neurochemical data showing that decynium-22 enhanced

the ability of desipramine to inhibit norepinephrine clearance in dentate gyrus (Fig. 1.B

and Table 1), and enhanced the antidepressant-like effects of desipramine (32 mg/kg)

(Fig. 2C) are consistent with their findings. In contrast, under the present conditions
decynium-22 failed to augment the ability of venlafaxine to inhibit norepinephrine clearance
in dentate gyrus (Fig. 1B and Table 1). This may seem at odds with findings of

Rahman and co-workers, where normetanephrine robustly potentiated venlafaxine-induced
increases in extracellular norepinephrine in frontal cortex; however, there are several factors
potentially contributing to this apparent discrepancy, including route of administration (intra
hippocampal vs intraperitoneal), brain region (dentate gyrus vs frontal cortex), species
(mouse vs rat), assay (chronoamperometry vs microdialysis) and time of measurement

(min vs h). Thus, it cannot be ruled out that under different conditions, we might

detect enhancement of venlafaxine-induced inhibition of norepinephrine clearance. For
example, it is possible that a higher concentration of venlafaxine, given in concert with
decynium-22, may reveal enhanced inhibition of norepinephrine clearance in dentate gyrus
(as trends are evident, Fig. 1B). Unfortunately, higher concentrations of venlafaxine and
decynium-22 could not be tested using chronoamperometry due to interference with the
recording properties of the carbon fiber electrode. Desipramine is a more potent blocker
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of norepinephrine transporter than venlafaxine (Tatsumi et al., 1997), which may explain
why we were able to detect potentiation of desipramine-induced inhibition of norepinephrine
clearance by decynium-22, but not that of venlafaxine.

Regardless of neurochemical results, striking was our finding that in spite of rigorous
dose-response analysis, we were unable to detect enhancing effects of decynium-22 on
the antidepressant-like effects of venlafaxine (Fig. 2A, Tables 2 and 3). Rahman et al.
(2008) did not examine the ability of normetanephrine to augment the antidepressant-like
effects of venlafaxine, so it is difficult to generalize. However, our findings underscore
the heterogeneous response of mice to antidepressants, including those that share similar
mechanisms of actions.

The inability of decynium-22 to augment the antidepressant-like effect of venlafaxine

was unexpected given that venlafaxine also blocks the serotonin transporter and we

have previously shown marked effects of decynium-22 to enhance the antidepressant-like
effects of the SSRI fluvoxamine (Horton et al., 2013). Preliminary data have shown that
decynium-22 can reduce locomotor behavior, possibly through al-adrenergic antagonism,
which would increase immobile behavior in the tail suspension test and may appear

as a reduction in venlafaxine potency (Horton et al., 2013). However, this is unlikely
because neither 0.1 nor 0.32 mg/kg decynium-22 alone increased immobility time in

the tail suspension test (Fig. 2B). Venlafaxine has a higher affinity for the serotonin
transporter compared to the norepinephrine transporter, while desipramine is relatively
selective for the norepinephrine transporter (Owens et al., 1997). Therefore, outcomes may
be a result of potency differences at the two transporters or a more complex interplay
between norepinephrine and serotonin systems in producing antidepressant-like effects than
previously thought.

In separate experiments, we examine the effect of normetanephrine (56 mg/kg) on the
antidepressant-like effect of desipramine (3.2, 10 and 32 mg/kg) in the tail suspension
test. Unlike Rahman et al. (2008), we found no evidence for normetanephrine to enhance
the antidepressant-like effect of desipramine; however, variation in tail suspension test
protocols used should be noted. Rahman et al. (2008) used Swiss Webster mice, a strain
gauge to measure immobility, and tail suspension began 60 min (min) after desipramine
administration. Experiments in the current study used C57BL/6 mice, an observer blinded
to treatment scored immobility from a recording, and tail suspension began 30 min after
desipramine administration. Factors such as these are known to influence results obtained
using the tail suspension test and may explain the discrepancies between our data and

that reported by Rahman and co-workers (2008; Cryan et al., 2005). Nonetheless, our data
do not support a role for concurrent OCT3 blockade with normetanephrine enhancing the
antidepressant-like response to desipramine. Notwithstanding, the possibility remains that
drugs such as normetanephrine and decynium-22 may shorten the latency to therapeutic
benefit (Schildkraut and Mooney, 2004). To this end, studies utilizing behavioral paradigms
sensitive to chronic antidepressant administration, such as novelty induced hypophagia
(Dulawa and Hen, 2005), will be important avenues for future investigation.
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5. Conclusions

The OCT/PMAT blocker decynium-22 enhanced the ability of desipramine to inhibit
norepinephrine clearance in dentate gyrus and produce antidepressant-like effects in the

tail suspension test. Normetanephrine, a potent OCT3 blocker, failed to augment the
antidepressant-like effects of desipramine, suggesting that the ability of decynium-22

to do so is likely mediated by other OCT isoforms (OCT1 or OCT2) or PMAT.

However, given reports of normetanephrine enhancing the antidepressant-like effect of
desipramine under different conditions (Rahman et al., 2008), a role for OCT3 cannot

be ruled out. Interestingly, decynium-22 did not enhance the ability of venlafaxine to

inhibit norepinephrine clearance or produce antidepressant-like effects, underscoring the
heterogeneous responses of mice to antidepressants that share common mechanisms of
action. Taken together with existing literature (Schildkraut and Mooney, 2004; Baganz et al.,
2008; Rahman et al., 2008; Bacq et al., 2012; Daws et al., 2013; Horton et al., 2013; Krause-
Heuer et al., 2017; Orrico-Sanchez et al., 2019), concurrent blockade of OCTs and/or PMAT
remains a promising line of investigation for enhancing the therapeutic effects of at least
some antidepressant drugs. Ultimately, future neurochemical and behavioral experiments
will help identify which monoamine transporters and drug combinations should be targeted
to produce the greatest therapeutic effects.
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Fig. 1.

Dgcynium-ZZ enhances the ability of desipramine to inhibit norepinephrine clearance in
dentate gyrus. (A and C) Representative oxidation currents produced by pressure-ejecting
norepinephrine into dentate gyrus before (grey) and 7 min after (black) local application of
vehicle (PBS), desipramine (DMI; 54 pmol and 108 pmol), venlafaxine (VEN; 54 pmol),
decynium-22 (D22; 1.4 pmol), or decynium-22 given with desipramine or venflafaxine.
Traces are superimposed for ease of comparison. (B and D) Change in norepinephrine
clearance time (Tgg). Tukey’s multiple comparison tests following 2-way ANOVA show
that (B) 54 pmol desipramine given with decynium-22 significantly inhibits norepinephrine
clearance and (D) 108 pmol desipramine given with decynium-22 significantly inhibits
norepinephrine clearance compared to vehicle, decynium-22, and 108 pmol desipramine;
108 pmol desipramine also significantly inhibits norepinephrine clearance compared to
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vehicle and decynium-22. *P < 0.05. **P < 0.01. Data are mean £ S.E.M.; n = 6-13 as
depicted in the bars for each treatment group. Note the different scales on y-axis of B and D.
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Fig. 2.
Antidepressant-like effects of desipramine, but not venlafaxine, were enhanced by co-

administration of decynium-22. (A) Immobility time (s) in the tail suspension test after
acutely administered venlafaxine in combination with 0.1 or 0.32 mg/kg decynium-22

(D22) or saline. Solid symbols represent a significant difference from saline with Tukey’s
post hoc multiple comparisons test after a two-factor ANOVA (venlafaxine, decynium-22).
*P < 0.05 represents 0.1 mg/kg decynium-22 significantly different from 0.32 mg/kg
decynium-22; Tukey’s post hoc test for multiple comparisons. (B) Immobility time (s) in

the tail suspension test after acute administration of vehicle, 0.1 or 0.32 mg/kg decynium-22.
Decynium-22 does not affect immobility time when administered alone. (C) Immobility time
(s) in the tail suspension test after acutely administered desipramine in combination with

0.1 mg/kg decynium-22 or saline. Solid circles and squares represent a significant difference
from saline with Tukey’s post hoc multiple comparisons test after a two-factor ANOVA
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(desipramine, decynium-22). In separate experiments (results represented by triangles),
immobility time in the tail suspension test was examined after acutely administered
desipramine (32 mg/kg) in combination with 0.32 mg/kg decynium-22. *P < 0.05 represents
0.32 mg/kg decynium + 32 mg/kg desipramine significantly different from saline + 32
mg/kg desipramine, as determined by student’s t-test. (D) There is no difference in
immobility time between mice given normetanephrine (normet) or vehicle in conjunction
with desipramine. Data are mean + S.E.M.; n = 8-12 per group.
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Table 2

The potency (EDsg) and maximal anti-immobility effects (Emax) for venlafaxine when administered alone or
with decynium-22 in the tail suspension test.

Vehicle Decynium-22 (0.1 mg/kg) Decynium-22 (0.32 mg/kg)

Venlafaxine

EDso (Mg/kg) 3.6 5.0 997

Emax (% control) 76+7 55+ 10 53+12
Mean + S.E.M.

aP < 0.05 different from venlafaxine/vehicle group (F ratio test); n = 8-12.
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Table 3

The EDsq and Emax values for desipramine to reduce immobility time in the tail suspension test when
administered alone or with the “uptake-2 blockers” decynium-22 or normetanephrine.

Vehicle Decynium-22 (0.1 mg/kg)  Normetanephrine (56 mg/kg)

Desipramine

EDso (mgrkg) 23.0/22.7%

Emax (% control) 62+9 676

48+ 8/49 £ 107

Mean = S.E.M.

a\/alues for P90/P300 wild-type mice originally published in Mitchell et al. (2015). n = 8-10.
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